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ABSTRACT
Hydrocarbon Occurrences Within the La Popa Basin: Potentiai Source 
Rocks, Thermal Maturation, and Hydrocarbon Migration Along the 
La Popa Salt Weld, La Popa Basin, NE Mexico
by
Samuel Mark Hudson
Dr. Andrew Hanson, Examination Committee Chair 
Assistant Professor of Geoscience 
University of Nevada, Las Vegas
New geochemical data indicate the presence of hydrocarbons along the 
La Popa salt weld, reinforcing the idea that salt welds significantly affect the 
migration pathways of hydrocarbons. Geochemical testing of samples collected 
along the length of the weld indicate that at least some of this material is not in 
situ, but has migrated to its current location along the weld. Distribution of 
migrated hydrocarbons along the weld is not uniform, and occurs where upturned 
lithologies and appreciable amounts of remnant salt are present.
Biomarkers within samples collected along the weld suggest a clay-rich 
source rock for the hydrocarbons. None of the potential source rocks sampled 
yielded results indicative of a good source rock, but the Parras Shale and 
Potrerillos Formation are most similar to the migrated material based on 
biomarker analysis. Basin modeling suggests that all basin lithologies are within 
the early to late gas generation window.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
TABLE OF CONTENTS
ABSTRACT............................................................................................................ iii
LIST OF FIGURES................................................................................................iv
LIST OF TABLES....................................................................................................v
ACKNOWLEDGMENTS....................................................................................... vi
CHAPTER 1 INTRODUCTION......................................................................... 1
CHAPTER 2 BACKGROUND........................................................................... 5
Basin History..................................................................................................... 5
CHAPTER 3 METHODOLOGY........................................................................ 18
Sample Collection........................................................................................... 18
Field Work -  Stratigraphie Column and Geohistory Diagram.........................21
TOC and Rock-Eval........................................................................................ 22
Molecular Organic Geochemistry....................................................................25
CHAPTER 4 DATA AND DISCUSSION..........................................................28
Problem 1 -  Migrated Hydrocarbons -  Data.................................................. 28
Problem 1 -  Migrated Hydrocarbons -  Discussion........................................ 32
Problem 2 -  Potential Source Rocks -  Data...................................................34
Problem 2 -  Potential Source Rocks -  Discussion........................................ 37
Problem 3 -  Thermal History of the La Popa basin -  Data............................44
Problem 3 -  Thermal History of the La Popa basin -  Discussion..................49
Problem 4 -  Secondary Controls on Hydrocarbon Migration -  Data and
Discussion................................................................................................. 52
CHAPTER 5 CONCLUSIONS.........................................................................56
APPENDIX 1 CHROMATOGRAMS FOR MIGRATED SAMPLES...................86
APPENDIX 2 CHROMATOGRAMS FOR SOURCE ROCK SAMPLES 105
APPENDIX 3 RESULTS OF VITRINITE ANALYSIS......................................121
APPENDIX 4 METHODS FOR TOC, ROCK-EVAL, AND VITRINITE..........131
IV
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
BIBLIOGRAPHY.................................................................................................136
VITA....................................................................................................................140
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
LIST OF FIGURES
Figure 1 Location Map....................................................................................58
Figure 2 Geologic Map and Schematic Cross-section................................... 59
Figure 3 Regional Correlation Chart with Tectonic Events................... in pocket
Figure 4 Sample Location Map...................................................................... 60
Figure 5 Pictures of Sample Collection Sites................................................. 62
Figure 6 Geologic Map with Cross-sections................................................... 63
Figure 7 Sample TOC Readout.......................................................................64
Figure 8 Gas Chromatograms for Potential Migrated Materials.....................65
Figure 9 GC/MSD Chromatograms for Potential Migrated Materials............. 66
Figure 10 Ternary Diagram for Potential Migrated Materials............................67
Figure 11 Gas Chromatograms for Potential Source Rocks............................68
Figure 12 GC/MSD Chromatograms for Potential Source Rocks.....................69
Figure 13 Comparison of Parras Shale vs. Migrated Material.......................... 70
Figure 14 Migrated Hydrocarbon vs. Potential Source Rock Ternary Diagram .71
Figure 15 Measured Stratigraphie Column....................................................... 72
Figure 16 Basin Model -  Measured vs. Calculated Ro..................................... 73
Figure 17 Basin Model -  Geohistory Diagram.................................................. 74
Figure 18 Picture of Boca la Carroza fractures................................................ 75
VI
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
LIST OF TABLES
Table 1 Relative Sample Locations................................................................. 76
Table 2 Total Organic Carbon, Rock-Eval for Migrated Samples................... 77
Table 3 Terpane Parameters for Migrated Samples........................................78
Table 4 Sterane Parameters for Migrated Samples........................................80
Table 5 Total Organic Carbon, Rock-Eval for Source Rock Samples............ 81
Table 6 Sterane Parameters for Source Rock Samples.................................82
Table 7 Vitrinite Reflectance Data................................................................... 83
Table 8 Gross Lithology Estimates, Thickness of Units..................................84
Table 9 Observed Properties at Sample Collection Sites...............................85
VII
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ACKNOWLEDGEMENTS 
Special thanks go to my advisor, (and field assistant), Andrew Hanson, for 
initiating and guiding this project, and for his help in analyses and interpretation. 
Also, thanks to my committee members, Drs. Brenda Buck, Michael Wells, and 
Spencer Steinberg, who provided valuable advice and helpful reviews of written 
materials, and to the department in general for providing a great environment in 
which to pursue my degree. Special thanks are also due to the Institute of 
Tectonic Studies at New Mexico State University, who invited us to work with 
them in a large basin in northeastern Mexico, especially Tim Lawton, Kate Giles, 
and JR (who can get anything you need in a day’s time). Thanks are of course 
due to the La Popa Consortium, the Geological Society of America, and the 
Geoscience Department at UNLV for supplying funding to this project; I wouldn’t 
have gotten very far without that! Also, special thanks go to the Molecular 
Organic Geochemistry Lab at Stanford for allowing us to disrupt their lab for two 
weeks with minimal compensation. Thanks are also in order to my colleagues at 
UNLV, especially Jon-o, Liz, and Jesse, (the gang from petroleum systems 
class), for helpful insights and conversations, and for keeping me mostly sane for 
the past two years. Lastly, thanks especially to my wife, Taryn, for putting up 
with me when I was stressed, loaning me to Mexico for Christmas, and being the 
best amateur geologist I know.
VIII
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 1 
INTRODUCTION
The La Popa basin in northeastern Mexico, (Fig. 1 ), contains one of the 
rare subaerial exposures of diapiric salt in the western hemisphere. Salt of the 
Jurassic Minas Viejas Formation is currently exposed in three major structures in 
the basin: two diapirs, each 4-6 km in diameter, and along the ~25 km long La 
Popa salt weld as shown in Figure 2 (Giles and Lawton, 1999). The La Popa 
basin initiated as an isolated rift basin in the Jurassic, and continued to be a 
sediment depocenter until the Eocene, at which time uplift and erosion of the 
basin began (Lawton et al., 2001). As a result, the basin contains sediments 
ranging in age from Late Jurassic to Eocene, as shown in Figure 3 (Lawton et al., 
2001 ). Current boundaries of the basin are topographic, and are defined by 
several anticlinal ranges (Giles and Lawton, 1999). The basin is currently 
located in the foreland of the Sierra Madre orogen, as shown in Figure 1 (Lawton 
et al., 2001).
The La Popa weld is a secondary, sub-vertical salt weld that is the 
remnant of an evacuated salt wall, as shown in Figure 2 (Giles and Lawton,
1999). Evacuation of salt along the weld occurred as the supply of diapiric salt 
slowed due to evacuation at depth, which resulted in primary basement welds 
forming between the basin strata and the underlying basement (Giles and
1
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Lawton, 1999). The strike of the weld is in a WNW-ESE direction along its 
western section and in a NW-SE direction along its eastern section, connected 
by a large convex-to-the-southwest bend near the middle of its length, as shown 
in Figure 2 (Giles and Lawton, 1999). There is up to 5 km of stratigraphie offset 
between the juxtaposed lithologies on either side of the weld, (Fig. 2), with the 
southern side of the weld being downdropped (Giles and Lawton, 1999). This 
offset is thought to be the result of a fault in the basement that also has a down- 
dropped southern footwall (Giles and Lawton, 1999). This offset places 
lithologies ranging in age from late Cretaceous to middle Eocene, most of which 
are marine deposited carbonates and shales, in contact across the weld (Giles 
and Lawton, 1999). While it is referred to as a salt weld, which suggests near- 
complete evacuation of salt, it is important to note that there are areas along the 
weld that still contain abundant diapiric gypsum. Indeed, the northwest end of 
the weld is referred to as a diapir, and the exposed salt pinches out gradually to 
the southeast.
One of the purposes of this study was to determine if there are migrated 
hydrocarbons along the La Popa weld. One of the major issues regarding 
hydrocarbon interaction with salt welds is whether salt welds act as a conduit or a 
barrier (or both) to fluid migration. Within the Gulf of Mexico, previous work has 
offered differing opinions. McBride et al. (1998), in a study of the offshore Gulf of 
Mexico shelf near Louisiana, stated that salt welds do not impede the vertical rise 
of hydrocarbons. Several other workers have claimed that, in the Gulf of Mexico, 
salt welds “often separate distinct structural domains " and affect hydrocarbon
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
migration patterns (Pritchett and House, 1998), as well as forming major 
components of hydrocarbon traps through juxtaposition of different strata on 
either side of the weld (Snyder and Nugent, 1998). The La Popa basin provides 
an excellent opportunity to address this issue through observation of a salt weld 
in subaerial exposure. Away from the weld, work was done to identify potential 
source rock(s) within the basin, so that, in the event that migrated hydrocarbons 
were found along the weld, an oil/source rock correlation could be attempted. A 
further goal of this study was to document the thermal history of the basin. By 
knowing the source rock(s), as well as something about the subsidence and 
thermal histories of the basin, we can gain a better understanding of: 1 ) the 
timing of hydrocarbon generation and migration, 2) the amount of salt present 
along the weld during hydrocarbon migration (salt weld vs. salt wall), and 3) 
possibly the migration pathways by which migrated hydrocarbons, if present, 
came be located along the weld. Finally, qualitative observations were made to 
determine if secondary controls (such as fractures, bedding orientation, and 
amount of remnant salt), show any relationship with the presence/absence of 
hydrocarbons along the La Popa weld.
By characterizing the system using the approach described above, a 
better understanding of salt weld/hydrocarbon interaction is available to apply to 
similar salt-influenced systems with no subaerial exposure, such as those found 
in the nearby Gulf of Mexico. Salt structures are prevalent in much of the Gulf of 
Mexico shelf and slope environments, and heavily influence the hydrocarbon 
systems of many fields that are in differing stages of production and exploration
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(Weimer et al., 1998). There are many other basins affected by salt structures 
around the world, and a better understanding of the La Popa weld and its 
associated hydrocarbons can aid in predicting the effects of salt welds in these 
basins.
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CHAPTER 2
BACKGROUND 
Basin History
The La Popa basin, located near Monterrey, Mexico (Fig. 1 ), contains 
sediments ranging in age from Late Jurassic to Eocene (Fig. 3). Present day 
boundaries of the basin are topographic, and are defined by anticlinal ranges 
(Giles and Lawton, 1999). There are several large diapiric salt structures 
contained in the basin, all of which are believed to be sourced from the Late 
Jurassic Minas Viejas Formation (Lawton et al., 2001 ). The regionally extensive 
evaporites of this formation indicate that the La Popa basin was initially a rift, or 
pull-apart, basin during the Late Jurassic (Giles and Lawton, 1999). As the 
Minas Viejas Formation was buried by younger sediments, salt diapirism 
occurred within the basin (Lawton and Giles, 1997). Later on in the basin’s 
history, another major tectonic event which affected the area was the Hidalgoan 
orogeny (which is approximately synchronous with the Laramide orogeny of the 
U.S. Cordillera). This event caused crustal shortening within the basin, as 
evidenced by folding of preserved basin strata (Lawton et al., 2001; Guzman and 
de Cserna, 1963). These tectonic events are largely responsible for the structure 
of the basin, producing anticlines and deforming strata in salt withdrawal basins
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
that range in age from the Jurassic to the Eocene (Lawton and Giles, 1997; 
Wolleben, 1977). The strata contained within the basin are largely marine and 
are dominated by shallow marine, tidal, and deltaic deposits (Lawton et al.,
2001 ), with the exception of the non-marine Eocene Carroza Formation (Fig. 3). 
The sedimentary fill of the La Popa basin has a thickness of 5-7 km, and an 
estimated 2-5 km of sediment has been removed by erosion based on fission 
track, fluid inclusion, and vitrinite reflectance analyses (Gray et al., 2001). The 
basin history can be divided into four major tectonic stages: rifting, thermal 
subsidence, flexural subsidence, and Hidalgoan shortening, as shown in Figure 3 
(Lawton et al., 2001). Following shortening, a period of non-deposition and 
erosion has persisted within the basin, and the only preserved strata younger 
than the Eocene Carroza Formation are Quaternary deposits.
The first stage of the La Popa basin was a time of rifting and basin 
initiation. The basin was initially formed by rifting associated with the opening of 
the Gulf of Mexico during the break-up of Pangea (Dickinson and Lawton, 2001 ). 
The basin was isolated from the world ocean during this stage (Lawton et al., 
2001). Meta-igneous clasts presumed to be derived from oceanic crust produced 
during the rifting are found within the gypsum, and dating of this material 
suggests that rift initiation within the basin occurred sometime before 146 Ma 
(Garrison and McMillan, 1999). Regional studies support this age, suggesting 
that it probably began during Oxfordian times (Fig. 3). Paleogeographic 
reconstructions suggest that, during the Oxfordian, the area was at a latitude of 
~30 degrees north, (Dickinson and Lawton, 2001 ), and the deposition of laterally
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
extensive evaporites suggests that the area was warm and arid. Rifting 
continued throughout the Late Jurassic, but the area had evolved into a passive 
margin by early in the Cretaceous (Dickinson and Lawton, 2001 ).
During the rifting stage, several lithologies were deposited. The first of 
these were evaporite salts of the Minas Viejas Formation (Lawton et al., 2001 ). 
This formation contains the oldest strata above the basaltic basement that are 
found in the basin (Fig. 3). In surface exposure the Minas Viejas Formation is 
dominantly gypsum, but several other lithologies are present within the formation 
such as halite, which is presumed to be more abundant at depth, as well as 
carbonate and meta-igneous blocks (Lawton et al., 2001). The carbonate and 
meta-igneous blocks are thought to be entrained blocks of time-correlative 
lithologies which were deposited along with the salt during rifting (Laudon, 1984; 
Garrison and McMillan, 1999). The transition from halite at depth to gypsum 
near the surface, (several hundred meters of gypsum), is thought to reflect either 
halite dissolution or a change in depositional environment from a briny 
environment to a less saline one as the basin circulation became less restricted 
(Lawton et al., 2001 ). In either case, the deposition of thick evaporites during the 
early stages of rifting (600 m in proximal areas, probably deeper in the basin) 
shows that the basin was isolated for a significant amount of time (Lawton et al., 
2001).
Following the deposition of the Minas Viejas Formation, the Zuloaga and 
La Casita formations were deposited (Fig. 3). Each of these formations was 
deposited during ongoing rifting as the basin transitioned to a less restricted
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
oceanic environment. Normal faulting dropped the basin relative to surrounding 
areas, and allowed flooding of the area (Fig. 2). The Zuloaga Formation is a thin 
carbonate formation that contains bioclastic wackestone and black-laminated 
carbonate facies deposited in lagoonal and tidal environments (Lawton et al., 
2001 ). The overlying La Casita Formation, dominantly a marine siliciclastic unit, 
records clastic sediment being transported into the basin at a rate sufficient to 
overwhelm carbonate processes (Lawton et al., 2001). This clastic sediment is 
believed to be sourced from the Coahuila block to the west, (Fig. 1 ), which was 
exposed during the Late Jurassic (Dickinson and Lawton, 2001).
During this first stage of the basin's development, deposition of strata on 
top of the evaporites of the Minas Veijas Formation caused loading of the salt 
(Giles and Lawton, 1999). Sedimentary processes affecting the La Popa basin 
caused this loading to be non-uniform. In areas of greater sediment overburden, 
the salt began to mobilize as the overlying strata subsided into the salt, and in 
areas of lesser overburden the diapiric salt was exhumed, forming the diapiric 
structures present within the basin today (Rowan et al., 2003). The exact timing 
of this process is not known, but it may have started as early as the late Jurassic 
(Giles and Lawton, 2001 ).
The second stage within the La Popa basin was a period during which 
thermal subsidence was largely responsible for the creation of new 
accommodation space. During this stage of the basin’s history, rifting had 
ceased and cooling of thinned continental crust was driving subsidence as the 
basin began to be “integrated into the broader marine realm of northeastern
8
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Mexico” (Lawton et ai., 2001). This stage is estimated by Lawton et al. (2001) to 
have occurred from the end of the Jurassic through the Early Cretaceous (Fig. 3). 
Carbonate deposition was the dominant sedimentary process during this period 
(Lawton et al., 2001). The carbonate succession within the La Popa basin at this 
time is significantly thinner than regional equivalents, perhaps due to less 
accommodation space as the result of rising diapiric salt (Lawton et al., 2001 ). 
Whether or not this is the case, evidence shows that the Minas Viejas Formation 
was mobile by the Aptian within the La Popa basin, based on observed 
relationships between diapiric salt and Aptian carbonates (Giles and Lawton, 
2002; Lawton et al., 2001 ). The movement of salt created one salt wall, (what 
would eventually become the La Popa salt weld), and two salt diapirs. 
Additionally, withdrawal basins were created in areas of salt evacuation. This 
resulted in deeper water away from salt structures and shallower water adjacent 
to, and above, salt structures (Giles and Lawton, 2001). Because of the 
variability in water depth, the thickness of strata that were deposited during this 
time is highly variable (Lawton et al., 2001).
The oldest carbonate lithology deposited during this stage is the Taraises 
Formation. Little is known about this lithology within the La Popa basin because 
it is not exposed at the surface. Where exposed outside of the basin, it is 
interpreted as an open-water, marly carbonate. It contains some clay input from 
the Coahuila block to the west, suggesting that water depths had increased at 
the beginning of the Cretaceous (Cantu-Chapa, 2001). Above this lies the 
Cupido Formation, a resistant limestone unit that is a dominant cliff-former in the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
area, and the Indidura Formation. There are some exposures of the Indidura 
Formation around the margins of the basin, and these are the only surface 
exposures of these lithologies in the basin (Giles and Lawton, 2002; Lawton et 
al., 2001). However, several correlative carbonate lentils are found in surface 
exposure around the salt structures within the basin. Four lentils, shown in 
Figure 3, are found in the basin; the Lower and Upper Boca La Carroza lentils 
and the Lower and Middle El Toro lentils. Each of these lentils contain both 
limestone and clastic lithologies, showing that there continues to be minor clastic 
input in the area coming from the Coahuila block to the west (Lawton et al.,
2001 ). These lentils are likely correlative with a condensed section of clastic 
and/or carbonate lithologies in the deeper areas of the basin, but lack of surface 
exposure prevents documentation of these relationships. Regionally, the Cupido 
Formation is interpreted as a shelf carbonate deposited during a time when 
carbonates were prograding throughout much of the area and sea level was 
rising, starving outboard areas (Murillo-Muneton and Dorobek, 2003). The 
Indidura Formation is interpreted as a basinal carbonate containing both 
calcareous shale and carbonate mudstone (Lawton et al., 2001), indicating that 
while sea level was fluctuating during this time, overall the basin was in a deep 
water setting during this period of continued subsidence.
During the third stage of the basin's history, which encompasses all 
deposits of the Late Cretaceous, (Fig. 3), the underlying crust had cooled, and 
thermal subsidence was no longer playing a major role in creating 
accommodation space. The La Popa basin was part of the Upper Cretaceous to
10
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Paleogene Hidalgoan foreland system, which includes the Sierra Madre fold belt 
to the southwest and the nearby Parras basin as shown in Figure 1 (Giles and 
Lawton, 1999). Loading from uplift associated with thrust faulting of the Sierra 
Madre orogeny to the west, along with sediment loading from the resulting 
eroded materials, was beginning to cause flexural subsidence in the deeper parts 
of the basin, creating more accommodation space (Giles and Lawton, 1999). At 
approximately 80 Ma, sedimentation and subsidence rates jump up to a higher 
rate and stay there for much of the basin's history (Lawton et al., 2001 ). This is 
coincident with the timing of the first major influx of elastics, (a result of uplift 
associated with Sierra Madre shortening to the west), which dominate the 
sedimentary record from the Late Cretaceous on (McBride et al., 1974; Lawton et 
al., 2001). Rising diapiric salt was still controlling bathymetry within the basin to 
a large extent, causing local carbonate lentil formation early in the stage and 
variations in clastic deposit thickness later in the stage (Lawton et al., 2001).
The Indidura Formation, which began to be deposited during the end of 
the second stage, continued to be deposited during this stage of flexural 
subsidence (Fig. 3). As stated before, it is represented within the La Popa basin 
by correlative carbonate lentils and thicker accumulations exposed along the 
periphery of the basin. Overall, this formation can be classified as a basinal 
carbonate with minor, fine-grained clastic input (Lawton et al., 2001 ). Some time- 
correlative carbonate lentils within the La Popa basin, however, are better 
classified as sponge-rich wackestones (Lawton et al., 2001 ). This difference can
11
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be attributed to their elevated position adjacent to diapiric salt bodies during 
deposition (Lawton et al., 2001).
Above the Indidura Formation lies the Parras Shale. The gradational 
contact between these two lithologies represents a major shift in the 
sedimentation of the La Popa basin from dominantly carbonate deposition to a 
elastic-dominated system (Lawton et al., 2001). This transition is the result of a 
prograding clastic wedge entering the basin from the Coahuila block to the 
northwest, as shown by E-SE trending asymmetrical flute casts formed by 
turbidity currents. The flutes occur along the base of laterally extensive sand 
bodies within the formation (Lawton et al., 2001 ). Provenance studies support 
the idea that highlands to the west, created by Late Mesozoic Sierra Madre uplift, 
supplied the sediment responsible for this change (McBride et al., 1974). Moving 
up through the formation, the Parras Shale coarsens upward from black shale, to 
silty shales, to sandy shales (Lawton et al., 2001 ). This change in lithology 
records clastic progradation within the basin, and the depositional environment 
changing from a more basinal setting into a lower shoreface environment 
(Lawton et al., 2001). Subsidence and sedimentation rates increased during this 
period, with the increased sediment load driving flexural subsidence (Lawton et 
al , 2001).
The fourth stage in the history of the La Popa basin represents a period of 
renewed tectonic activity in the area (Lawton et al., 2001 ). Hidalgoan 
deformation began to shorten the region at around 65 Ma, forming N-S-trending 
anticlinal structures throughout the region, and shortening continued through at
12
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least the Eocene (Lawton et al., 2001 ). Evidence of the contraction is based 
upon the observation that all strata within the basin are folded (Druke, personal 
comm., 2003; Giles and Lawton, 1999). Sediment continued to be derived from 
the uplifted areas to the west, and progradation of the clastic system continued. 
Flexural subsidence was likely still occurring during this stage, but 
accommodation space is largely created during this time by compressive forces 
associated with Hidalgoan shortening (Lawton et al., 2001). During the Early 
Paleocene, sedimentation and subsidence rates were particularly high, as 
evidenced by the thickness of sediment deposited during this time (Lawton et al., 
2001 ). Rising diapiric salt continued to heavily influence seafloor topography 
within the basin, causing the clastic formations to thin towards salt structures 
(Lawton et al., 2001).
Other than Quaternary and modern sediments, the youngest strata 
located within the La Popa basin were deposited during the fourth stage (Giles 
and Lawton, 1999). There are five formations, all of which are collectively known 
as the Difunta Group (Fig. 3), that were deposited during this stage. They are, 
from oldest to youngest: the Muerto, Potrerillos, Adjuntas, Viento, and Carroza 
formations (Lawton et al., 2001). The contact between the Parras Shale and the 
Muerto Formation is gradational, and the Muerto shows hummocky cross­
stratification at its base, indicating it is still located within the outer shoreface 
depositional environment (McBride et al., 1974; Lawton et al., 2001). The Muerto 
Formation coarsens upward reflecting progradation of the clastic deltaic system, 
and contains foreshore, shoreface, tidal, and lagoonal deposits (Lawton et al..
13
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2001 ). These deposits are rich in volcanic lithic grains derived from a volcanic 
provenance, associated with shortening and uplift of the Sierra Madre to the west 
(Lawton et al., 2001). Above the Muerto lies the Potrerillos Formation, the 
thickest formation of the Difunta Group. This formation has many different 
members, but consists of a thick clastic succession of mudstone, siltstone, and 
sandstone (Lawton et al., 2001). The Potrerillos Formation is generally the 
result of shallow marine/shoreface deposition. It was deposited from the end of 
the Cretaceous into the Tertiary, and includes the Delgado Sandstone, which 
records the catastrophic event associated with the K-T boundary (Lawton et al., 
2001 ). Several shaly units within this formation appear to be organic rich, 
representing deeper, somewhat anoxic basin conditions (Lawton et al., 2001). 
Above this are the Adjuntas and Viento formations, both of which record an 
overall progradation into the basin (Lawton et al., 2001). The Adjuntas contains 
siltstone and sandstone thought to be deposited in estuarine and coastal plain 
environments, and the Viento Formation is a sand-rich formation deposited in a 
progradational, tidally-influenced, coastal complex (Lawton et al., 2001). 
Stratigraphically above this lies the first, and only, non-marine strata of the basin, 
the Carroza Formation. This formation consists of sandstone, mudstone, and 
paleosols (Lawton et al., 2001 ; Buck et al., 2003). The Carroza Formation was 
deposited in a salt withdrawal syncline mainly south of the La Popa salt weld, 
and paleocurrents within the sandstone are generally parallel to the axis of the 
syncline, and appear to be transporting sediment to the east (Waidmann, pers. 
comm., 2003; Lawton et al., 2001). This formation is interpreted to be a low-
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grade fluvial system deposit and the associated overbank sediments, thus 
recording continued progradation (Lawton et al., 2001).
Evidence suggests that additional strata were deposited on top of the 
Carroza Formation (Gray et al., 2001), but these have since been removed by 
erosion. Specifically, vitrinite reflectance, fluid inclusion, and fission track data 
collected in the basin suggest that ~5 km of additional sediment was deposited 
within the basin and was later removed via erosion (Gray et al., 2001). While 
minor uplift began as early as the Paleocene, major uplift and erosion were much 
later, in the Oligocene and early Miocene, based on thermochronologic research 
in the area (Gray et al., 2001 ). Diapiric rise of salt slowed greatly and has 
stopped altogether in many places (Lawton et al., 2001). The salt of the Minas 
Viejas Formation is thought to have welded out at depth in most of the basin, 
resulting in the end of diapiric rise of the salt (Giles and Lawton, 1999). 
Evacuation of salt from along the weld occurred soon after primary basement 
welds formed, as the rate of salt supply to the diapir was surpassed by the rate of 
salt dissolution (Giles and Lawton, 1999). Presently, minor Quaternary deposits 
are accumulating in a subaerial environment adjacent to topographic highs, many 
of which are formed by more resistant carbonates and anticlinal structures 
associated with Hidalgoan shortening (Lawton et al., 2001 ). The effects of salt 
tectonics are still readily apparent today, with strata turned up against salt 
structures and large parallel withdrawal basin synclines (Fig. 2).
The La Popa basin has undergone several stages of evolution throughout 
its history. Early in the basin’s history (during the late Jurassic), it was a rift-drift
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basin that was originally isolated from the ocean (Lawton et al., 2001 ; Dickinson 
and Lawton, 2001 ). Following rifting, thermal subsidence was the dominant 
basin process for much of the Cretaceous (Lawton et al., 2001 ). The basin then 
became a foreland basin as part of the Hidalgoan foreland system, and was later 
shortened by regional compression (Lawton et al., 2001; Giles and Lawton, 
1999). The presence of allochthonous salt complicates things somewhat, but 
regional observations can still be made about the basin history. Overall, the 
basin strata record progradational filling throughout the basin history, both by 
carbonate successions in the Mesozoic and deltaic progradation throughout 
much of the Tertiary (Lawton et al., 2001 ). Subsidence was driven by 
extensional and compressional tectonics, as well as thermal/flexural subsidence, 
and the differences in each can be observed (Lawton et al., 2001). The salt wall, 
which would later become the La Popa salt weld, rose throughout most of the 
basin’s history, and resulted in accommodation space for sediments in the 
associated withdrawal basins (Giles and Lawton, 1999).
This study addresses four primary research questions: 1 ) are there 
migrated hydrocarbons associated with the La Popa salt weld, 2) what are the 
potential source rocks within the basin, 3) what is the thermal history of the La 
Popa basin, and 4) what secondary factors control migration along the La Popa 
weld. The interaction between migrating hydrocarbons and the La Popa salt 
weld was studied in the La Popa basin through observations of outcrop 
exposure, and the findings of this study can be applied to areas in which no 
outcrop is available. There are many areas of significant hydrocarbon
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exploration, such as the Gulf of Mexico, which contain abundant salt welds and 
diapirs, and a better understanding of hydrocarbon/salt interaction could be 
applied to models used for exploration in these areas. Also, in a more academic 
application, this knowledge will increase understanding of salt tectonics and 
related processes.
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CHAPTER 3
METHODOLOGY 
Field Work - Sample Collection 
Samples were collected in and around the La Popa basin for several 
different reasons; to determine the presence/absence of hydrocarbons along the 
La Popa weld, to identify effective source rocks within the basin, and to construct 
a thermal history of the basin using vitrinite reflectance data. A total of 36 
samples were collected, and the locations of these samples are shown in figures 
4a and 4b.
Observations were made along much of the length of the La Popa salt 
weld in an effort to locate areas of potential hydrocarbon migration. Samples 
were collected in areas that showed signs of possible hydrocarbon alteration, 
such as the presence of sulfur in association with gypsum, yellow-brown waxy- 
appearing soil, and discoloration or remineralization at the surface (Schumacher, 
1996). A total of seventeen samples (Table 1) that showed suggestions of 
hydrocarbon migration were collected along the weld in order to address this 
issue. These samples were, for the most part, collected within arroyos that cross 
the weld, providing good exposure of the salt weld and adjacent lithologies (in 
comparison to much of the weld, which is obscured by Quaternary deposits).
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The majority of the exposed weld was observed, but detailed work focused 
mainly on the western half of the weld where remnant salt is more abundant and 
exposure is better. Locations of all samples thought to contain migrated 
hydrocarbons were recorded using a handheld GPS unit, and are shown in 
Figure 4a.
Possible evidence of migrated hydrocarbons was observed within the 
remnant gypsum salt along the La Popa weld, along the interface between the 
salt and adjacent lithologies, and within the lithologies proximal to the weld. 
Samples were collected from all of these relative positions (Fig. 5), and within 
several arroyos, samples were collected both along the weld and in the proximal 
lithologies. Samples collected within the salt showed evidence of sulfur in 
association with gypsum, as well as brown and black discolored blocks of 
material. The same features were observed along the interface between the salt 
and adjacent lithologies, as well as the presence of yellow-brown waxy- 
appearing soil in some localities. Within proximal lithologies, samples were 
collected which showed evidence of discoloration and remineralization and/or 
yellow-brown waxy-appearing soil. During sample collection, location of the 
samples in relation to the weld was recorded (Table 1).
In order to search for effective source rocks within the La Popa basin, 
stratigraphie units between the Jurassic Minas Viejas Formation and the Eocene 
Carroza Formation were observed in an attempt to locate organic-rich lithologies. 
Strata such as dark, non-bioturbated shales (the lack of bioturbation is indicative 
of an anoxic depositional environment, which encourages preservation of organic
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matter) (Peters and Moldowan, 1993), and carbonates that were dark in color 
relative to surrounding lithologies were collected as potential source rock 
candidates. This was accomplished largely while measuring stratigraphie 
sections within the La Popa basin, (Fig. 4a), and the Minas Viejas anticline to the 
east. The Minas Viejas anticline is cored by the Minas Viejas Formation and 
contains older parts of the stratigraphie section that are not exposed at the 
surface in the La Popa basin (Fig. 4b). Also, certain localities that appeared to 
contain organic-rich lithologies in surface exposure were observed and sampled 
in areas of the basin not adjacent to where the stratigraphie columns were 
measured. Eighteen samples of lithologies that appeared to be organic-rich were 
collected for subsequent analysis (Table 1).
Finally, seventeen samples for vitrinite reflectance analysis were collected 
while measuring stratigraphie sections. Vitrinite is a type of plant bitumen 
derived form higher terrestrial plants, and the reflectance of this material is used 
as an indicator of the thermal maturity for rock samples (Peters and Moldowan,
1993). Specific vitrinite reflectance (Ro) values are assigned to different oil 
generation windows (BMod, 1996), and samples were analyzed to determine the 
current maturity of the basin strata. Vitrinite material is usually contained in 
sedimentary rocks with terrestrial sources according to Peters and Moldowan 
(1993), and fine-grained clastic lithologies thought to satisfy these criteria were 
sampled (n=13). An additional set of four carbonate samples was also collected 
in the hope that they might contain vitrinite. The carbonate samples were taken 
from the lower part of the section, which lacks significant clastic sediments.
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Sample locations with respect to the stratigraphie column were recorded. 
Samples were collected from strata ranging in age from Jurassic to Eocene in an 
effort to construct a fairly comprehensive thermal history for the La Popa basin. 
Vitrinite reflectance analyses were conducted by Humble Geochemical Services 
of Humble, TX (Appendix 4).
Field Work -  Stratigraphie Column and Geohistory Diagram 
As mentioned above, a stratigraphie section was measured covering the 
entire section of rocks (above basement) contained within the La Popa basin. 
This was done in a series of three sections; one within the La Popa basin (Fig. 
4a), one immediately east of the basin (Figs. 4a and 4b), and one within the 
Minas Viejas anticline southeast of the basin (Fig. 4b). Previous geologic 
mapping of the area was used to determine formation boundaries (Fig. 6), and a 
laser range finder and Brunton compass were used to take field measurements. 
Specifically, the laser range finder was used to measure surface distances, and 
the Brunton was used to record the orientation of the lines along which these 
measurements were made. The compass was also used to measure bedding 
orientation throughout the length of the measured section wherever outcrop was 
available. The true thickness of strata was then calculated from the recorded 
information using various trigonometric functions, creating an accurate 
stratigraphie column. As the section was measured, gross lithologie 
characteristics were recorded in order to construct the stratigraphie column. This 
information (gross lithology and thickness of units) was used, along with vitrinite
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reflectance data, for subsidence and thermal modeling using BasinMod 1-D, 
(BMod, 1996), in order to create a geohistory diagram for the La Popa Basin.
TOC and Rock-Eval 
Total organic carbon (TOC) analysis is a method used to determine the 
total weight percent of organic carbon within a sample. TOC is measured using 
one of four methods: direct combustion, modified direct combustion, indirect, 
and pyrolysis plus combustion products (Peters and Cassa, 1994). The first 
three methods involve pulverized rock being treated with acid and then 
combusted in a furnace, and measured as released carbon dioxide. Each has a 
slightly different approach and is best for a certain type of sample (Peters and 
Cassa, 1994). The fourth method is performed during Rock-Eval analysis, and 
the machine totals the amount of organic material burned off during heating with 
what is left in the sample at 600° C (Peters and Cassa, 1994). For the samples 
collected during this study, the pyrolysis plus combustion products method was 
used (Appendix 4). The results are reported as a percentage value, and this 
value is used to determine the relative organic richness of a sample. According 
to Peters (1986), poor source rocks have TOC’s of 0-0.5 wt.%, fair source rocks 
have values of 0.5-1.0 wt.%, good source rocks have values of 1-2 wt.%, and 
very good source rocks have TOC’s of >2 wt.%. For this study, TOC analyses 
were performed by Humble Geochemical Services (Appendix 4).
For samples containing organic carbon, Rock-Eval analysis was used to 
determine whether the organic material was in situ or whether it migrated into the
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sample (Peters, 1986). Rock-Eval pyrolysis is performed by gradually heating a 
sample in an inert atmosphere and measuring the released carbon compounds, 
and can be done in conjunction with TOC analysis (Peters and Cassa, 1994).
The carbon release occurs in three phases: S I, where any free organic 
compounds are released from the pore space at a relatively low temperature, S2, 
where kerogens within the sample are cracked and carbon compounds in situ to 
the sample are released (at a higher temperature as shown in Figure 7), and S3, 
where CO2 is released from within the crystal structure of the sample during 
cooling. Each of these phases is shown by a peak that corresponds to a specific 
temperature, and is measured in mg of HC or CO2 per gram of rock (Fig. 7). 
These analyses were also carried out by Humble Geochemical Services 
(Appendix 4).
To determine whether samples collected along the weld contain migrated 
hydrocarbons, the following criteria were used. First, they had to contain an 
appreciable amount of organic carbon as revealed by their TOC content. 
Concentrations did not have to be large, but had to be enriched in organic 
content in comparison to surrounding lithologies. Work was not specifically done 
to establish the background TOC content of surrounding strata, but several 
samples from these lithologies returned very low TOC values (as discussed in 
Chapter 4), and these were assumed to be representative of the background 
values. Second, samples that had elevated amounts of organic carbon 
compared to background samples had to have a Rock-Eval 81 peak greater than 
the corresponding 82 peak. This is an indication that there is more organic
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carbon within the pore space of the sample than could have been generated in 
situ, thus indicating that at least some organic material had migrated from an 
exterior source (Peters. 1986). Samples that satisfied these two criteria were 
considered good candidates for containing migrated hydrocarbons, and were 
further tested using molecular organic geochemistry.
Potential source rock samples were also analyzed using TOC and Rock- 
Eval analytical techniques as previously outlined. TOC was once again used to 
identify enrichment of organic carbon, and the quantity of organic matter within a 
possible source rock was measured using the method outlined above (Peters 
and Cassa, 1994). Rock-Eval was used in the same way as outlined previously, 
but rather than looking for S1>S2 as an indicator of migrated hydrocarbons, 
effective source rocks should have S2 values greater than the associated SI 
value (Fig. 7). Such a finding indicates that the majority of the organic material 
within the sample is in situ, rather than within the pore space, and is only 
released during heating when the kerogens within the sample are cracked 
(Peters, 1986). Also, the quality of organic material within the various potential 
source rocks was determined using Rock-Eval analysis. Various parameters 
such as Tmax, Production Index (PI), Oxygen Index (01), and Hydrogen Index 
(HI) can yield valuable information about potential source rocks (Peters, 1986). 
Rock-Eval was used to estimate thermal maturity of potential source rocks 
(Tmax), the generation of hydrocarbons from potential source rocks (PI), and the 
quality of source material (01 and HI) within the various samples (Peters, 1986; 
Peters and Moldowan, 1993).
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Molecular Organic Geochemistry
Based on preliminary geochemical work, samples containing elevated 
TOC and encouraging Rock-Eval results were further analyzed using molecular 
organic geochemistry. For this study, a portion of the samples were analyzed in 
the Stanford Molecular Organic Geochemistry Laboratory following techniques 
employed in the lab (Peters and Moldowan, 1993). In preparation for biomarker 
analysis, all samples were crushed using a clean mortar and pestle into particles 
with a diameter less than ~3 mm (methylene chloride solution was used for 
cleaning the equipment). Samples were divided into two groups: samples 
thought to contain migrated hydrocarbon material and possible source rock 
samples.
For the potential migrated hydrocarbon samples, a “soft” extraction was 
done. This method entailed crushing the samples into fragments that were then 
bathed in methylene chloride. They were then placed in a sonicator for 18 
minutes to promote dissolution of organic material from the pore spaces of the 
sample. The resulting fluids were poured off, and then the solution was placed 
on a roto-evaporator to remove the solvent, leaving behind any bitumens 
removed from the sample during extraction. In preparation for analysis using the 
gas chromatograph (GC), the resulting solution was then passed through a 
column containing a fiberglass filter in order to remove rock fragments, and then 
diluted ~500x with hexane. This dilution was necessary, due to the small yields 
resulting from the extraction, in order to obtain a sufficient volume for GC 
analysis. Approximately 0.5 p.1 of each sample extract was injected either via an
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auto-injector or manually into a Hewlett-Packard 5890A gas chromatograph 
equipped with a splitless injector and a 22m DB-1 capillary column (with an inner 
diameter of 0.20 mm) coated with a 0.33 pm methyl silicon film. The temperature 
was programmed to start at 80 °C for 0.5 minutes, and then increase at a rate of 
10°C per minute up to a final temperature of 320 °C for 15 minutes. Hydrogen 
with a 20 psi head pressure was used as the carrier gas.
For the potential source rock samples, a more standard extraction was 
done (Peters and Moldowan, 1993) rather than the “soft” extraction technique 
described above. For each sample, 30 to 50 grams of crushed rock sample was 
placed within a cellulose thimble, and the thimbles were attached to a Soxhlet 
apparatus. A Soxhlet extraction was done using a warmed solution of 66% 
methanol and 34% toluene for approximately 4 hours. This was done in order to 
remove all hydrocarbons in the rock into solution. Following this, the thimbles 
were raised above the solution and solvents were allowed to circulate for an 
additional two hours. Solvents were subsequently removed using a roto- 
evaporator. The potential source rock samples were then transferred using both 
hexane and methylene chloride, and were diluted ~500x using cyclohexane. It 
was necessary to dilute this much due to the very small yields of the samples; an 
adequate volume was needed to be loaded onto the gas chromatograph.
Samples were loaded onto the GC in the same manner as the migrated 
hydrocarbon samples, and the same GC program was used.
Following preparation of samples for gas chromatography, the remaining 
bitumen fractions from both potential migrated samples and potential source
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rocks were passed through silica gel chromatography columns, (Peters and 
Moldowan, 1993), first using a hexane rinse in order to remove the saturate 
fraction, and then using methylene chloride to remove the aromatic fraction (into 
separate beakers). For samples which showed n-alkanes on the GC traces, the 
saturate fractions were also loaded onto columns filled with high Si/AI ZSM-5 
zeolite (“silicate”) and then flushed using isooctane to remove n-alkanes. The 
saturate fractions were then diluted ~25x with toluene, and the aromatic fractions 
were diluted ~100x with toluene (to obtain sufficient volumes for analysis), and 
then the samples were loaded onto a GC/MSD. For GC/MSD analysis, a Hewlett 
Packard 5890A series II gas chromatograph (GC) was used, which was 
equipped with a 60 meter DB-1 methyl silicone 0.25 mm ID capillary column. The 
GC was programmed to run from 140°C to 320°C, at a rate of 2 deg/min, with a 
final time of 20 minutes. Helium was used as the carrier gas. The GC was 
connected to a Hewlett Packard 5972 mass selective detector by a transfer line 
with a transfer temperature of 325 °C. The MSD was operated in single ion 
monitoring mode, scanning for the following mass-to-charge ratios: m/z 177,191, 
217, 218, 231, and 259. These mass-to-charge ratios were selected because 
they are most useful for biomarker analysis (Peters and Moldowan, 1993). 
Electron ionization was performed with an electron energy of 70 eV, with an ion 
source temperature of 320 °C.
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CHAPTER 4
DATA AND DISCUSSION 
To facilitate presentation and interpretation of data collected in conjunction 
with this study, the following discussion is divided according to the four research 
questions stated earlier. Data are presented first, and interpretation and 
discussion follow.
Problem 1 -  Migrated Hydrocarbons 
Data
Detailed field observations were made along the La Popa salt weld, and 
seventeen samples suspected of containing migrated hydrocarbons were 
identified and collected (Fig. 4a, Table 1). Samples were collected which 
exhibited evidence of discoloration and remineralization (Fig. 5), and several 
samples smelled of hydrocarbons when broken open and a fresh surface was 
exposed. About fifty grams of each sample were sent to Humble Geochemistry 
for evaluation using TOC and Rock-Eval techniques. The results of these 
analyses are shown in Table 2, along with other geochemical data derived from 
these tests. As shown in Table 2, TOC percentages of the eighteen samples 
collected along the La Popa weld range from 0.06 to 1.06, with an average value
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of 0.26. Also shown in Table 2 are the measured Rock-Eval values for samples 
collected along the weld, with twelve of the samples showing an S1 value greater 
than the corresponding S2 value. Tmax is also reported, but in all cases except 
one, (sample 02LP10), low S2 peaks have rendered the Tmax values unreliable. 
Tmax records the temperature at which the maximum amount of S2 
hydrocarbons are generated (Peters, 1986), and when reliable provides an 
assessment of the thermal maturity of a sample.
Based on the results obtained from Humble geochemistry, six samples 
from along the weld were chosen for further analysis at Stanford’s molecular 
organic geochemistry laboratory. These samples are: 02LP01, 02LP02,
03LP16, 03LP24, 03LP31, and 03LP32. These samples had TOC values above 
0.18 wt.%, and three of the six samples show an 81 >82 relationship. All six 
samples were analyzed using gas chromatography and mass spectroscopy. Gas 
chromatography is used to examine the presence, abundance, and distribution of 
normal alkanes (aka n-paraffins) within the sample. Normal alkanes are a group 
of straight-chained saturated hydrocarbons with the formula CnH2n+2 (Peters and 
Moldowan, 1993). Figure 8 shows two of the six gas chromatograms for these 
samples, with several of the major n-paraffin peaks labeled. All six of the 
chromatograms are shown in Appendix 1. The two samples shown in Figure 8, 
03LP31 and 03LP32, show peaks indicative of normal alkanes, plus pristine (Pr) 
and phytane (Ph). The chromatograms for these samples show compounds 
ranging from n-C^4 to n-Cae. with the highest peaks between n-C^6 and n-C2o- 
Peak heights of n-paraffins were measured, and are recorded in Table 3.
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other biomarker ratios that were calculated from the gas chromatographs 
include pristane/phytane, which helps to determine whether the source rock was 
deposited in an anoxic environment (Pr/Ph<1 ), or a terrestrial environment 
(Pr/Ph>3) (Peters and Moldowan, 1993). Pristane/phytane ratios of 1.6 and 2.0, 
respectively, were measured for samples 03LP31 and 03LP32. The n-paraffins 
are absent in the other four samples and peaks such as pristane/phytane are 
difficult to resolve. The elevated baseline and low signal- to-noise ratios of these 
samples suggests that they have undergone biodégradation at or near the 
surface (Peters and Moldowan, 1993). Peak heights are not reported for 
samples 03LP16 and 03LP24 because these samples show a very low signal-to- 
noise ratio and biomarker peaks are not resolvable. For this reason, 
interpretations were not attempted using these samples.
The six samples from along the La Popa weld were also analyzed using a 
GC/MSD, and six mass-to-charge (m/z) ratios were targeted; m/z 177, 191, 217, 
218, 231, and 259. Several of these traces are shown in Figure 9, and the 
complete set is included in Appendix 1. The data gathered from these analyses 
consist of three data sets: terpanes, steranes, and aromatic hydrocarbon 
compounds. While all samples yielded a low signal-to-noise ratio, many 
biomarkers can be identified on the chromatographs from these samples. Table 
3 shows measured peak heights for terpane compounds and Table 4 shows 
measured peak heights for the steranes. As shown in tables 3 and 4, the 
diasterane/sterane ratios and diahopane/hopane ratios are elevated, the 
homohopanes decrease from C31 to C35 (C33 to C3sare not resolvable in most
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samples), and at least one sample (03LP32) shows a strong suggestion of 
oleanane. For all of the samples, Ts/Tm ratios (Seifert and Moldowan, 1978), 
tricyclic/17a-hopane ratios (Seifert and Moldowan, 1978), and n-alkane envelope 
style (Peters and Moldowan, 1993) are indicative of a mature oil (Tm and 17a - 
hopanes show lower relative stability during catagenesis than their counterparts, 
and higher molecular-weight n-alkanes break down to lighter products with 
increasing thermal maturation). There is a range of maturity (samples 02LP01 
and 03LP32 seem to be less mature than the other samples), but overall, all of 
the samples are fairly mature. These biomarkers reveal information about the 
source rock that generated these oils, and will be discussed in more detail later in 
the chapter. Analysis for aromatic compounds yielded chromatographs 
exhibiting very low signal-to-noise ratios for known biomarkers, so peaks weren’t 
measured and no table was produced.
Also included in tables 3 and 4 are ratios that were calculated to compare 
the samples to one another, such as the relative abundance of the C27, C28, and 
C29 steranes. This ratio is frequently used for correlation of hydrocarbon samples, 
since these biomarkers are usually well preserved through the processes of 
hydrocarbon generation and migration (Peters and Moldowan, 1993). All 
samples are very similar, with average values of 40% C27, 26% C28, and 35%
C29, and standard deviations of 2%, 6%, and 2% respectively, suggesting these 
samples are related.
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Discussion
The data gathered from samples from the La Popa weld conclusively 
indicate the occurrence of migrated hydrocarbons in multiple locations along the 
weld. This is supported by TOC and Rock-Eval measurements, which show 
elevated organic content within at least some of the samples. Extensive analysis 
was not done to determine the average organic content of unaltered lithologies 
proximal to the weld, but several samples from within the Carroza Formation and 
one sample from the Potrerillos Formation (samples 03LP12, 03LP15, and 
03LP23) show TOC values of 0.08 - 0.12 (Table 2). These samples showed 
evidence of remineralization and discoloration, but TOC and Rock-Eval analysis 
indicates that these samples are very organic-lean. Being the lowest reported 
TOC values for these lithologies, it can be assumed that the average TOC value 
for unaltered strata of these formations will likely be similar, if not lower, than 
these values. Consequently, samples with TOC values lower than 0.12 wt.% 
were considered to be free of migrated hydrocarbons, and samples with TOC 
values above 0.12 wt.% were considered to contain migrated hydrocarbons.
Similar to the TOC results, Rock-Eval data are better in some samples 
than others. Twelve of the samples collected along the weld had 81 values 
greater than the corresponding 82 value. Six of the samples show an 82>81 
relationship, which does not directly support the idea that they contain migrated 
hydrocarbons. Samples such as 02LP01, 03LP24, and 01M005 show 81 values 
significantly higher than the corresponding 82 values, supporting the idea that at
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least some of the organic material within these samples has migrated from an 
external source (Peters and Cassa, 1994).
A large range of distinctive biomarkers which are known hydrocarbon 
compounds were found in the samples using molecular organic geochemistry. 
These include n-paraffins, steranes, terpanes, and aromatic compounds (Fig. 9, 
for example). The measured and relative heights of these peaks are shown in 
Tables 3 and 4. The only sample that lacked convincing biomarkers was 
03LP16. If this sample contained migrated hydrocarbons at one time, they have 
been altered to the point that biomarker analysis yielded no meaningful results. 
This alteration is likely the result of biodégradation, which frequently occurs at or 
near the surface, and is characterized by removal of n-alkanes and a large hump 
in the gas chromatograph baseline (Peters and Moldowan, 1993). While 
biodégradation is most evident in sample 03LP16, evidence of this is also seen in 
samples 02LP01, 02LP02, and 03LP24.
Based on the results of biomarker analysis, it appears that the migrated 
hydrocarbons found along the La Popa weld have a common origin. Comparison 
of the traces suggests this in a qualitative way, as shown by the similarity of the 
results in Figures 8 and 9. Ratios of different biomarkers have been calculated 
for each sample, and these ratios allow comparison of samples from different 
locations. For example. Figure 10 shows comparison of five migrated samples, 
(02LP01, 02LP02, 03LP24, 03LP31, and 03LP32), based on the relative 
percentages of C27, C28, and C29 steranes measured from the m/z 217 
chromatographs. As stated above, all samples are closely spaced, with average
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values of 36% C27, 26% C28, and 38% C29, and standard deviations of 3%, 1 %, 
and 3% respectively. Many other biomarker ratios which are commonly used in 
an attempt to characterize migrated hydrocarbons were calculated for these 
samples, and other biomarker ratios that match well in all samples are the C35 
hopane/Cai-Cas homohopane ratio and several of the diasterane/sterane ratios 
(Tables 3 and 4). These ratios yield information about the characteristics of the 
source rock(s) that generated these hydrocarbons (Peters and Moldowan, 1993), 
and this information will be discussed in the following section. Based on the 
similar biomarker contents of these six samples, it seems that they are likely from 
one oil family, likely from a single source. Also, as mentioned above, the normal 
alkane distribution from samples 03LP31 and 03LP32 suggests that these oils 
are fairly mature.
Problem 2 -  Potential Source Rocks 
Data
The presence of migrated hydrocarbons along the La Popa weld demands 
that there must be an effective source rock, which had been, or is still generating 
in the La Popa basin. Because of this, promising lithologies were collected 
throughout the basin for analysis as possible source rocks, and some of the sites 
are shown in Figures 4a and 4b. Eighteen samples were collected in all, and 
these samples were analyzed in much the same way as the migrated samples 
discussed above. All samples were analyzed using TOC and Rock-Eval, and the 
results of these analyses are shown in Table 5.
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TOC values range from 0.01 to 0.97 wt.%, with an average value of 
0.26wt.%. Four of the five highest values are from the Upper Mudstone Member 
of the Potrerillos Formation. TOC results for this formation range from 0.47 to 
0.66 wt.%. The highest TOC value (0.97 wt.%) is from sample 02LP10, which 
was collected within diapiric salt that still occupies one part of the weld.
Measured Rock-Eval values for the eighteen samples are low (Table 5), and 
many samples do not show a convincing S2>S1 relationship indicative of a good 
source rock (Peters and Cassa, 1994). The one sample that Rock-Eval identified 
as a good potential source rock is sample 02LP10, which also had the highest 
TOC content. This sample was encased within remnant salt of the weld, and is 
thought to be an older lithology rafted up within the diapiric salt. This sample was 
originally suspected to contain migrated hydrocarbons, but due to the Rock-Eval 
results was instead grouped with potential source rocks. This sample has an S2 
value nearly five times greater that the corresponding SI value. The values for 
both peaks within this sample are not only indicative of an effective source rock, 
they are also much higher than those for any other potential source rock sample 
in this study.
Within Table 5, other data such as Oxygen Index (01) and Hydrogen Index 
(HI) are also reported for all potential source rock samples. The comparison of 
the Hydrogen Index and Oxygen Index for a sample is used to provide a crude 
assessment of hydrocarbon generative potential, or the quality of the source rock 
material (Peters, 1966; Peters and Moldowan, 1993). Hydrogen Index values for 
samples in this study ranged from 0 to 246, and values for 01 ranged from 0 to
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600, as shown in Table 5. The majority of samples yielded very low HI and 01 
values, which indicates a lack of sufficient quality of source material (Peters, 
1986). Additionally, many of the samples show an OI>HI relationship, which is, 
at best, an indicator of a gas-prone source rock (Peters, 1986). The only sample 
that appears to be oil-prone based on this analysis is sample 02LP10, with an HI 
value of 246 and an 01 value of 53, as shown in Table 5 (Peters, 1986). This 
sample, 02LP10, satisfies all of the requirements for an effective source rock 
according to the above Rock-Eval parameters.
Five of the eighteen potential source rock samples were selected, based 
on TOC and Rock-Eval results, for further study using molecular organic 
geochemistry. Samples 02LP05, 02LP06, 02LP10, 03LP30, and 03LP33 were 
analyzed using gas chromatography and mass spectrometry. Gas 
chromatography was done to show the presence/absence of /?-paraffins, and two 
chromatograms are shown in Figure 11. Chromatograms for all five samples are 
included in Appendix 2. None of the five samples show a regular n-paraffin 
envelope, such as samples 03LP31 and 03LP32 did, but some of the peaks 
appear to be in the correct locations to be n-paraffins. Pristane and phytane may 
be identifiable, but overall the data lack identifiable peaks, and peak 
measurements should be interpreted with caution (Table 6).
The five potential source rock samples were also analyzed using a 
GC/MSD, and the same six m/z ratios were targeted: m/z 177, 191, 217, 218,
231, and 259. Four of the resulting chromatograms are shown in Figure 12, and 
the complete data set is located in Appendix 2. The data are divided into three
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sets: terpanes, steranes, and aromatic hydrocarbon compounds. Table 6 shows 
measured peak heights and ratios for potential source rock sterane compounds. 
As with the samples containing migrated hydrocarbons, diasterane/sterane and 
diahopane/hopane ratios were elevated, and relative homohopane abundances 
decreased from C31 to C35 The tricyclic/pentacyclic ratio differed from sample to 
sample, with sample 03LP33 appearing dissimilar to the other samples. The 
relative abundance of the C27, C28, and C29 steranes was also determined for use 
in oil-source rock correlation. The samples show a range of values, with an 
average of 40% C27, 26% C28, and 35% C29, and standard deviations of 2%, 6%, 
and 2% respectively. These ratios and others were used to attempt an oil-source 
rock correlation for the La Popa basin. Again, analysis of aromatic compounds 
yielded little or no data.
Discussion
Five of the eighteen samples collected as potential source rocks were 
used in an attempt to identify potential source rocks, and to attempt an oil-source 
rock correlation. Of the five samples, all showed signs of containing some 
organic material. This being said, none of the samples can be identified as the 
effective source rock for the hydrocarbons found along the La Popa weld, with 
the possible exception of sample 02LP10, because they lack sufficient quality of 
organic matter based upon Rock-Eval analysis, as outlined above. However, 
much can be said about the source rock within the basin through detailed 
biomarker analysis of samples collected as potential source rocks, as well as
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those containing migrated hydrocarbons. As noted earlier, the five samples that 
contain migrated hydrocarbons were also used for source rock/migrated material 
correlation, and were analyzed for certain biomarkers which reveal important 
characteristics of the source rock.
Based on TOC analyses, thirteen of the eighteen potential source rock 
samples collected can be classified as having poor source rock potential (Peters 
and Cassa, 1994). Four samples from the Upper Mudstone Member of the 
Potrerillos Formation, as well as one sample (02LP10) from along the weld, 
yielded TOC values above 0.50, classifying them as having fair source rock 
potential (Table 5). However, more is required for a good source rock than 
sufficient quantity of organic carbon. According to Rock-Eval analysis, the quality 
is lacking in all of the potential source rock samples except for 02LP10. Rock- 
Eval values for many of the samples are so low that they are unreliable, with the 
notable exception of 02LP10, which looks like a good potential source rock 
candidate based upon Rock-Eval results. However, this sample is a rock 
fragment that was encased in the diapiric salt of the weld, so its origin is unclear. 
A plausible hypothesis related to its origin is that it was rafted upward by the salt 
from an original position deeper in the basin. Based on the available data, this 
sample has the best source rock potential. However, it is not known what 
formation this sample was derived from, so it cannot be placed in its original 
stratigraphie position.
The presence of hydrocarbons migrated along the weld requires that there 
is an effective source rock in or near the basin. However, excluding sample
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02LP10, none of the samples collected have organic matter In enough 
abundance and/or of the right quality to be the source rock. There are several 
plausible explanations for this outcome. First, the low organic content may be 
partially attributed to the fact that all samples were collected from outcrops. 
Outcrop samples (in comparison with well cuttings or core sample) are 
considered to be the poorest quality for TOC and Rock-Eval analyses, as these 
samples are readily biodegraded and weathered at the surface (Peters and 
Moldowan, 1993). Also, while most lithologies above the Minas Viejas Formation 
were observed and sampled, some of the samples do not appear to have been 
collected from the most organic-rich localities. For example, the samples 
collected from the La Casita Formation (03LP26, 03LP27, and 01M003), show 
fairly low TOC values not indicative of an effective source rock. However, 
another locality was later observed within the Portrero Chico anticline (more than 
5 km southeast of the basin) in which the La Casita Formation is very dark and 
appears to be more enriched in organic material. This locality was found near 
the end of the study, and geochemical analyses have not been performed on 
these rocks. The observed variations in apparent organic content within the La 
Casita Formation suggests lateral variation within the formation. This is a 
common observation in source rocks, with significant lateral and vertical changes 
within the same source rock being common (Peters and Cassa, 1992).
Therefore, a lithology which had low TOC’s where it was sampled from the 
outcrop could contain a higher amount of organic material elsewhere, either 
laterally or deeper in the basin, and these have no surface exposure.
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Molecular organic geochemistry was used to analyze several different 
potential source rock lithologies: the Upper Mudstone Member of the Potrerillos 
Formation (02LP05, 02LP06), the Indidura Limestone (03LP30), the Parras 
Shale (03LP33), and the sample collected along the weld (02LP10). As stated 
above, all of the chromatographs from the samples contain recognizable 
biomarker peaks (Table 6), indicating that they all contain known hydrocarbon 
compounds, as well as some organic material. Comparisons of the source rock 
and migrated material GC and GC/MSD traces show that many of the potential 
source rock sample traces are similar to the traces of the migrated samples, 
suggesting a possible correlation. When the C27, C28, and C29 steranes (Peters 
and Moldowan, 1993), are plotted on a ternary diagram, they all cluster together 
thus making it difficult to identify the most likely source rock candidate (Fig. 13). 
Samples 02LP05 (Potrerillos Formation) and 03LP33 (Parras Shale) appear to 
have the best fit, and sample 02LP10 (weld material) seems to be the least likely, 
but this analysis does not eliminate any of the samples. In studying the individual 
samples, the chromatograms from sample 03LP33, (Parras Shale), show several 
major differences when compared to chromatograms from the migrated samples. 
For example, the tricyclic terpanes are much more dominant in the Parras Shale 
than they are in the migrated hydrocarbon samples. Also, the Parras Shale 
sample has a C27 diasterane/sterane ratio of 0.18 compared to an average value 
of 0.91 for samples containing migrated hydrocarbons (Fig. 14). Based on these 
biomarker ratios, the Parras Shale sample can be eliminated as the source for 
the migrated hydrocarbons found along the La Popa weld (Tables 4 and 6).
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As discussed above, sample 02LP10 does not appear to be the best 
source rock candidate based on sterane ratios that differ from those measured 
from migrated hydrocarbon samples. However, this sample warrants some 
discussion. It was collected along the weld, but Rock-Eval shows that the vast 
majority of organic material within the sample is in situ based on an S2 value that 
is about five times larger than the corresponding S1 value (Table 5). Also, Rock- 
Eval parameters indicate that this is an oil-prone source rock sample (low 01 and 
high HI), that it has generated hydrocarbons (PI = 0.18) and that it is of the 
correct thermal maturity (Tmax = 462 °C). It does not correlate exactly with the 
other potential source rocks or migrated materials analyzed using molecular 
organic geochemistry, but, as with all samples, is fairly similar based on analyses 
such as the comparison of % C27, C28, and C29 steranes (Fig. 13). It is the most 
mature potential source rock sample according to biomarker parameters, and is 
more mature than the lithologies that currently surround it. This requires that this 
sample was once at a lower stratigraphie position than surrounding strata. A 
likely explanation for this is that the sample is originally from lower in the 
stratigraphy, and it was rafted up in the salt of the La Popa weld. If this is the 
case, it suggests that a potential source rock is found adjacent to the weld at 
depth (at least in the area where this sample was collected).
While no oil-source rock correlation was developed during this study, 
much can be said of the source rock that generated the migrated hydrocarbons 
based on the biomarkers in the migrated samples. There are several aspects 
that appear consistent throughout the five samples with recognizable biomarkers.
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All of the samples have a low signal-to-noise ratio, indicating low abundances. 
This could suggest either that much of the organic material has been removed 
through biodégradation or thermal alteration, or that large amounts of 
hydrocarbons were never generated. One possible explanation is that the 
source for the migrated material had poor organic quality/quantity and only 
minimal amounts were generated. Also, while the migrated samples have a 
range of maturity (samples 02LP01 and 03LP32 seem to be less mature than the 
other samples), all of the samples are fairly mature. This interpretation is based 
on a number of calculated biomarker ratios such as C3222S/(C3222S + 22R) 
hopanes (Ensminger et al., 1977), Ts/(Ts + Tm), and others shown in Table 3b. 
This is also supported by the fact that aromatic steroids are almost completely 
absent from all of the source rock candidates, a characteristic of mature 
hydrocarbons (Peters and Moldowan, 1993). Poor preservation of C34 and C35 
hopanes within the samples suggests that the source rock was suboxic; these 
biomarkers are related to bacterial activity in the depositional environment 
(Peters and Moldowan, 1991 ). The relative abundance of diasteranes and 
diahopanes suggest a clay-rich source rock; the conversion of steranes and 
hopanes to diasteranes and diahopanes is believed to be catalyzed by the 
presence of clays (Rubinstein et al., 1975; Sieskind et al., 1979). There is a 
suggestion of carbonate input, shown by the presence of C24 tetracyclic terpanes 
(Connan et al., 1986), but other biomarkers indicative of carbonate source 
material were not observed. Pr/Ph ratios are between 1 and 3, so this parameter 
does not help to determine whether the source rock was deposited in an anoxic
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marine environment or a terrestrial setting. While many other biomarkers 
suggest a marine source rock, there is a suggestion of some terrestrial organic 
input as shown by the large relative amount of C29 steranes compared to C27 and 
C28 steranes, the likely presence of oleanane, and other parameters indicative of 
terrestrial input, as outlined by Talukdar et al. (1986). The strong suggestion of 
oleanane in some samples, which is derived from angiosperme that did not 
evolve until the Cretaceous, also indicates that the source is likely Cretaceous or 
younger (Grantham et al., 1983; Peters and Moldowan, 1993). Based on these 
observations, it appears that a suboxic, fairly mature marine shale, which is 
Cretaceous or younger, is likely the type of source rock which generated the 
hydrocarbons found along the weld. This eliminates most of the lower part of the 
stratigraphie section in the basin, because it is dominated by carbonates, some 
of which are older than Cretaceous. The one exception to this is the La Casita 
Formation, which contains shaly intervals (Lawton et al., 2001). However, if 
there is oleanane within the migrated materials, then the Jurassic La Casita could 
not be the source for the oils since it was deposited before angiosperme evolved.
Based on all of the analyses, sample 02LP05, which comes from the 
Upper Mudstone Member of the Potrerillos Formation, is the best match to the 
migrated hydrocarbons. However, Rock-Eval parameters indicate that the 
samples from this formation do not contain sufficient quality of organic matter to 
be a source rock. Therefore, if this interval is the source, it must contain the 
appropriate quality of organic material in other parts of the basin. Another 
possibility is that the La Casita Formation or some other as yet unidentified unit is
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the source for the migrated hydrocarbons. While this study provides insights into 
possible source rocks for the La Popa basin, a promising source rock has not 
been identified.
Problem 3 -  Thermal History of the La Popa Basin
Data
By understanding the thermal history of the La Popa basin, timing of 
hydrocarbon generation and migration can be better constrained. Vitrinite 
samples keyed into the stratigraphy were collected while measuring the three 
stratigraphie sections (Fig. 15). Results of the analyses were used to model the 
thermal history of the La Popa basin. Seventeen samples were collected in total, 
and thirteen of them yielded sufficient quantities of vitrinite material for analysis. 
Table 7 shows the measured vitrinite reflectance (Ro) values for the samples, and 
the complete results can be found in Appendix 3. Overall, the samples show a 
decrease in Ro from the base of the section up to the Carroza Formation. 
However, there are some samples which do not follow this trend. The lowest 
stratigraphie interval from which vitrinite reflectance data was retrieved is the La 
Casita Formation, with an Ro value of 0.89. This value is considerably lower than 
the values of 1.47 and 0.93 reported for the Parras Shale, which is over a 
kilometer higher up in the stratigraphy. A possible explanation for this is that the 
sample from the La Casita Formation was collected over 15 km from the La Popa 
basin, and away from the measured stratigraphie sections. The complex 
structure of the region makes direct comparison of this sample to other samples
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from within the basin difficult; lateral variations in burial are likely due to 
Hidalgoan shortening (Gray et al., 2001). Also, the Ro value reported for this 
sample is only based on a total of 5 measurements, and therefore this sample 
was excluded from basin modeling.
Apart from the La Casita sample, vitrinite samples were collected in two 
groups; a group from north of the weld which covers the lower part of the 
stratigraphie section (La Casita -  Muerto formations), and a group from the south 
of the weld covering the Potrerillos - Carroza formations (Table 7). Within the 
group collected north of the weld, the first several samples are from the La Casita 
and Indidura formations. These samples did not yield vitrinite material for 
analysis. Two samples were collected from the Parras Shale, and these samples 
yielded Ro values of 1.47 and 0.93. While these values are based on >15 
measurements each, there is a large difference between the Ro values yielded 
for the two samples. This disparity is not easily explained since the two samples 
were collected from the same area, and is problematic for basin modeling. The 
final sample collected north of the weld is from the Muerto Formation, and this 
sample yielded an Ro value of 0.95. This is a higher value than the 0.93 reported 
for the Parras Shale sample, which is stratigraphically below the Muerto 
Formation. Based on the disparity between Ro values for the Parras Shale, the 
small number of samples which yielded vitrinite reflectance data, and the lack of 
a predictable trend of decreasing values moving up through the stratigaphy, the 
data set from the north of the weld was not used for basin modeling.
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Moving up through the stratigraphy, the majority of the samples collected 
south of the weld were collected within the La Popa basin, and are mostly from 
along one continuous stratigraphie section (Fig. 4a). The first sample is from the 
basal Lower Mudstone Member of the Potrerillos Formation, and it yielded an Ro 
value of 0.76. This value is not in good agreement with the reported values for 
samples stratigraphically above it. The rest of the samples, which were all 
collected south of the weld along a continuous stratigraphie section from the 
Lower Mudstone Member of the Potrerillos Formation up through the Carroza 
Formation, show a steady decrease from higher values to lower values up 
through the section, with a minimum Ro value of 0.91 within the Carroza 
Formation. With the exception of the sample collected from the basal Potrerillos 
Formation, almost all samples from this group show a consistent pattern of 
decreasing Ro values moving up through the stratigraphy. Also, this data set is 
much more complete than the one from samples collected north of the weld. For 
this reason, the vitrinite data from this sample group was used for basin 
modeling.
Besides vitrinite reflectance testing, other information provided by Rock- 
Eval analysis can be used to determine thermal history of the basin. Tmax, 
which is an indicator of the thermal maturity of a sample (Peters, 1986), ranges 
from 298 to 465 °C for samples in this study (Table 5). Tmax values were not 
obtained for seven of the samples, as shown by a -1 in the table. Production 
Index values ranged from 0.00 to 1.00, and a value was not obtained for one 
sample. Tmax and PI values less than about 435 °C and 0.1, respectively, are
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indicators of immature source material that has generated little or no petroleum 
(Peters and Moldowan, 1993). The oil window ranges from -435-470 °C (Tmax), 
and -0.1-0.4 (PI); there are five samples which fall in the oil window based on PI 
and two according to Tmax (Table 5). Of these, sample 02LP10 is the only 
sample satisfying both conditions. This supports other data that suggest that this 
sample could represent the effective source rock for the hydrocarbons along the 
weld. However, Tmax and PI are crude measurements of thermal maturity, and 
should be supported by other methods such as vitrinite reflectance and 
biomarker parameters (Peters and Moldowan, 1993).
In conjunction with thermal modeling of the basin, subsidence modeling 
was completed in order to estimate timing of generation and migration. For this 
reason, lithology thickness and gross compositions were recorded during 
measurement of the sections. The resulting stratigraphie column is seen in 
Figure 15, and calculated gross lithology estimates for the section are found in 
Table 8. The reported thickness of each unit is accurate for the areas where the 
sections were measured. However, salt tectonics causes substantial thinning 
and thickening of lithologies throughout the basin. Although this could serve as a 
potential source of error, salt structures (e.g. diapirs within the basin), were 
avoided during measurement of stratigraphie sections. Along with thickness and 
gross lithology data, vitrinite reflectance was used as a constraint during basin 
modeling. The most reliable vitrinite values (those from the group collected south 
of the weld, from the Potrerillos through the Eocene formations) were selected 
and plotted using BasinMod 1-D (BMod, 1996), and variable overburdens and
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heat flow values were tested until a good match between modeled and measured 
Ro values was found (Fig. 16). In general, the model seemed to match 
measured reflectance values much better with an overburden of around 5 km 
and with a heat flow of 35 mW/m^ (higher heat flow values made the slope of the 
line in Figure 16 much too shallow). These values predict a geothermal gradient 
of around 25 °C/km.
Based on the measured Ro values and basin modeling, eight of the 
samples fall into the peak oil generation stage of maturity (BMod, 1996). Two 
samples fall into the late oil generation stage, and the remaining two are within 
the wet gas/condensate stage, with a maximum reflectance value of 1.47 (Bmod,
1996). According to the basin model, the oldest strata of the Jurassic Zuloaga 
Formation entered the oil window -115 Ma, and the Eocene Carroza Formation 
entered the oil window -35 Ma (Fig. 17). The basin has undergone variable 
subsidence from the Jurassic through the Eocene, and a period of rapid 
subsidence in the Paleocene immediately proceeded a period of uplift that began 
about 35 Ma (Fig. 17). The subsidence curve produced through basin modeling 
is very steep shortly after basin initiation in the Jurassic, shows a concave-up 
shape through the early late Cretaceous, a concave-down shape for the 
remainder of the Cretaceous, and a separate concave-down segment into the 
Paleocene (Fig. 17). The significance of this will be discussed below.
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Discussion
Using the strata! thickness and gross lithology estimates measured along 
the stratigraphie sections, a subsidence model for the La Popa basin was 
constructed as shown in Figure 17 (BMod, 1996). However, no lithology younger 
than the Eocene Carroza Formation is preserved within the basin, and other 
methods had to be employed to determine how much additional material was 
deposited and subsequently removed. A variety of methods have been 
previously employed within this basin in an attempt to solve this problem, such as 
vitrinite reflectance, fluid inclusions, and fission track dating (Gray et al., 2001). 
Grey et al. (2001) estimated that 2-5 km of overburden once existed above the 
Carroza Formation, with major uplift and erosion starting -36 Ma and reaching 
peak rates in the Oligocene and early Miocene (Gray et al., 2001; Lawton et al., 
2001).
As previously stated, vitrinite reflectance was used as a constraint during 
basin modeling. While Tmax and PI information was obtained for the samples in 
this study, many samples provided unreliable data as shown in Table 5, and 
expected trends are not seen moving up through the stratigraphy. Samples 
analyzed using Rock-Eval were collected from many scattered locations in and 
around the basin, and the structural complexity of the region makes correlation of 
these samples difficult. As a result, vitrinite data was used for basin modeling, 
rather than Tmax and PI, which are only rough estimates of thermal maturity 
(Peters and Moldowan, 1993). Using the vitrinite data, an overburden of 5 km, a 
heat flow of 35 mW/m^, and a geothermal gradient of around 25 °C/km was
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predicted by the model. This value is somewhat lower than the 30°C/km 
estimated by Gray et al. (2001), indicating that, while this model fits the vitrinite 
reflectance data, it varies somewhat from previous studies in this basin.
However, the dataset used for this study is more extensive than previous studies, 
and it shows agreement with the more regional study conducted by Gray et al. 
(2001) in that both models predict -5  km of overburden which has since been 
removed.
The basin model can be used to constrain onset of oil generation for the 
different lithologies of the La Popa basin. If an effective source rock was 
identified, timing of maturation and migration could be estimated. According to 
the model, the La Casita Formation would have matured -105 Ma, during a time 
of thermal subsidence, and the Potrerillos Formation would have matured -40 
Ma, during shortening and uplift (Lawton et al., 2001 ). Knowing the geologic 
setting of the basin during migration would help to further understand how salt 
tectonics affect fluid migration once the source rock is identified.
Also shown on Figure 17 is the basin subsidence curve, which can be 
used to generally interpret the cause of subsidence during different times within 
the La Popa basin (BMod, 1996). This is another variable of the model which 
can be checked against outside data in order to further validate the model.
When observing this curve, a concave-up curve indicates gradual decline in the 
rate of subsidence thought to represent thermal subsidence, while a concave 
down curve represents an increase in subsidence thought to represent tectonic 
subsidence of the basin (Dickinson, 1976). Using these guidelines, our model
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can be compared to the tectonic history of the basin as outlined by Lawton et al. 
(2001) and Dickinson and Lawton (2001). As shown in Figure 5, the basin is 
thought to have undergone rifting during deposition of the Minas Viejas and 
Zuloaga formations (Lawton et al., 2001). Within the basin model (Fig. 17), this 
is represented by the initial steep angle of the subsidence curve during the Late 
Jurassic. Following rifting in the basin came a period of thermal subsidence (Fig. 
5), which persisted from the late Jurassic into the early late Cretaceous (Lawton 
et al., 2001). This is also shown in the basin model (Fig. 17) by the concave-up 
shape of the subsidence curve during this time. According to Lawton et al.
(2001), the remainder of the late Cretaceous was characterized by flexural 
subsidence of the basin (Fig. 5), and this tectonically-driven subsidence is 
represented by the concave-down shape of the subsidence curve during this time 
(Fig. 17). Starting in the early Tertiary, Hidalgoan shortening affected the area 
(Lawton et al., 2001; Dickinson and Lawton, 2001), again causing tectonically- 
driven basin subsidence, and this can be seen by the convex-down shape of the 
subsidence curve during the first half of the Paleocene (Fig. 17). Finally, the 
basin model shows the uplift and removal of 5 km of Eocene and younger strata 
between -36 Ma and the present (Fig. 17), which agrees with the vitrinite 
reflectance data from this study and thermal history studies previously performed 
in the La Popa basin (Gray et al., 2001 ). The agreement between Figure 17 and 
the tectonic history outlined by Lawton et al. (2001 ), Dickinson and Lawton 
(2001 ), and Gray et al. (2001 ) further validates this model of the La Popa basin.
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Problem 4 -  Secondary Controls on Hydrocarbon Migration 
Data and Discussion 
Based on the location of hydrocarbon-containing samples, it appears that 
the La Popa weld has a focusing effect on hydrocarbon migration. Other factors, 
however, may have a secondary effect on occurrence of hydrocarbons along the 
weld. Observations were made along the length of the La Popa weld, with more 
attention given to the western portion where remnant salt is much more 
abundant. Wherever good outcrop was found, properties such as the 
presence/absence of remnant salt, the lithologies in contact with the weld, the 
geographic location, the presence/absence of fractures, and bedding orientation 
were observed. Table 9 shows these observations at the sites where samples 
were collected. Observations were also made in areas where no samples were 
collected and no evidence of hydrocarbon migration was found.
There are several observations that are consistent for much of the 
observed length of the La Popa weld. First, fractures were not common in the 
areas observed. However, there was one locality in which ~1 mm wide fractures 
filled with dark, organic-looking material cross-cut upturned mudstones of the 
Carroza Formation proximal to the weld. Geochemical analyses were not 
performed on this material, so it can only be speculated that the fractures contain 
migrated hydrocarbons. The Boca la Carroza locality (Fig. 4a, samples 03LP35, 
03LP36) also appears to show hydrocarbon alteration along fractures (Fig. 18), 
but TOC results from sample 03LP35 showed no elevation of organic content
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(Table 2). Based on these observations, the presence of migrated hydrocarbons 
does not show a direct relationship with the presence of fractures.
Upturned bedding was present proximal to the weld at the majority of sites 
observed. All but one of the samples containing migrated hydrocarbons was 
collected in areas with upturned bedding. Areas in which bedding was not 
upturned were also observed and they did not show evidence of migrated 
hydrocarbons (Table 9). Based on these observations, there appears to be a 
relationship between upturned bedding and the presence of migrated 
hydrocarbons. It seems plausible that upturned bedding would encourage 
migration by allowing migrating fluids to move along bedding planes proximal to 
the weld, explaining this positive association. Throughout the basin, many 
different lithologies are turned up adjacent to the weld, as well as around the El 
Gordo and El Papalote diapirs (Giles et al., 2002), suggesting that this 
relationship likely exists at depth as well. While most hydrocarbon-bearing 
samples were collected in areas of upturned bedding, there is evidence of 
migrated hydrocarbons from a locality not showing upturned bedding, and not all 
samples collected in areas with upturned bedding contain migrated 
hydrocarbons, showing that this is not a perfect correlation.
Geographic location also seems to show a positive correlation in that the 
majority of samples that contained migrated hydrocarbons came from near the 
center of the western segment of the weld (Fig. 4a). Also, all samples containing 
migrated hydrocarbons were collected from the south side of the weld. This
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suggests that perhaps the source is generating from the southern, deeper part of 
the basin.
The types of lithologies in contact along the weld do not show any definite 
correlation with the presence/absence of hydrocarbons. Hydrocarbon-bearing 
samples were collected from the Carroza, Viento, and Potrerillos formations 
along the weld.
Other variables, such as the amount of remnant salt, were observed 
where samples were collected. Most of the localities from which samples were 
collected had remnant salt along the weld, and all samples containing migrated 
hydrocarbons were collected in areas containing some amount of remnant salt 
(Table 9). Localities such as Boca la Carroza, where samples 03LP35 and 
03LP36 were collected, did not contain remnant salt, and although fluid alteration 
appears to have taken place at this locality, geochemical analyses did not show 
the presence of migrated hydrocarbons. Therefore, a positive relationship 
between remnant salt and migrated hydrocarbons appears to exist along the La 
Popa weld.
These observations can be loosely applied to other salt welds, such as 
those found in the Gulf of Mexico. While lithologie characteristics of different 
strata will most certainly have an effect on fluid migration proximal to a salt weld, 
hydrocarbons have migrated through several different types of lithologies 
proximal to the La Popa weld, indicating lithologie differences might not have a 
major effect. Also, hydrocarbon migration seems to be encouraged by upturned 
beds and some amount of remnant salt within the weld. However, these
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observations are from the surface only, and subsurface information would help 
clarify what effect these secondary controls have on migration along salt 
structures such as the La Popa weld.
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CHAPTER 5 
CONCLUSIONS
Hydrocarbon migration has occurred along the La Popa weld, as shown 
by samples along much of its length. Eighteen samples were collected, mostly 
from along the western half of the weld, and ten show convincing evidence of 
enrichment in organic carbon content based on TOC analysis. Rock-Eval 
analysis shows that at least some of this material has migrated from an external 
source, and molecular organic geochemistry has shown the organic material 
from six of these samples to be hydrocarbons through the identification of many 
distinct biomarkers. While it is necessary that these materials have a source 
rock within or proximal to the basin, no effective source rock was identified during 
this study. Of the seventeen potential source rock samples tested, the samples 
with geochemical parameters most indicative of a source rock come from the 
Upper Mudstone Member of the Potrerillos Formation. The Upper Mudstone 
Member of the Potrerillos Formation has many geochemical properties that are 
similar to the migrated hydrocarbons along the weld, but does not contain 
organic carbon of sufficient quality to be the actual source rock. Perhaps this 
formation contains higher quality organic material in deeper, unexposed parts of 
the basin, but this cannot be proven without well data or cuttings. Based on
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biomarkers found in the migrated material from along the weld, the source rock 
that generated the hydrocarbons was deposited in a suboxic, clay-rich, marine 
environment. The source rock was also fairly mature, but not overmature, at the 
time of generation, and most likely Cretaceous or younger.
Basin modeling gives some insight into the thermal and subsidence 
histories of the basin. Burial was rapid at first, and continued, almost without 
major interruption, until about 40 Ma (Lawton et al., 2001). Many of the basin 
lithologies reached thermal conditions sufficient for hydrocarbon generation fairly 
early in the basin's history, even if the thermal gradient away from the weld was 
presumably suppressed somewhat due to heat-wicking effects of the diapiric salt. 
Although the structure and properties of the weld and proximal lithologies was 
likely changing dramatically through geologic time, it seems, based upon 
present-day surface exposures, that upturned lithologies, geographic location, 
and the presence of remnant salt have a positive relationship with hydrocarbon 
occurrence, while other factors such as fractures and contact lithologies do not 
appear to play a major role.
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Figure 1. A location map showing the tectonics and structure of the La Popa 
basin (the upper map area is indicated on the lower map). LP = La Popa Basin, 
CP = Coahuiia Platform, PB = Parras Basin (adapted from Lawton et al., 2001).
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Figure 2. A geologic map and cross-section of La Popa Basin. The cross
section line is indicated in red. Also, inferred basement faults are shown. Figure 
modified from a section drawn by Hector Milan, University of Zaragoza, Spain 
(adapted from Giles et al., 2002).
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approximate location of the weld, red dots are potential migrated hydrocarbon collection sites, black dots 
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Figure 4b - A sample location map of the Minas Viejas anticline and surrounding areas, east of the La Popa basin. 
Two of the three stratigraphie sections are shown. The green dots indicate vitrinite reflectance collection sites.
Figure 5 - Pictures of the four relative locations of sample collection sites along 
the La Popa weld; (a) black, altered blocks of material within the salt, (b) rusty, 
altered material along the weld/sediment interface, (c) dark, altered bands of 
mudstone in the Carroza Formation ~5 ft. from the weld, and (d) dark, altered 
Carroza sandstone -20 ft. south of the weld. The rock hammer is 33 cm long.
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Figure 6 - A geologic map of the La Popa weld showing locations of stratigraphie 
sections and potential source rock sample sites. Stratigraphie column 1a and 
samples collected along it are outside of the scope of this map (adapted from 
Giles and Lawton, 2002).
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Figure 7 - A schematic Rock-Eval readout showing Sl,S2,and S3 peaks at increasing 
times, in this sample, S2>S1, which indicates this might be a good source rock 
candidate given sufRcientTOC values (modified from Peters, 1994).
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Figure 8 - Two gas chromatograms for samples with suspected migrated 
hydrocarbons collected along the La Popa weld. Some n-paraffins, pristane 
and phytane are labeled.
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Figure 9 - The m/z191 and 217 traces from two samples collected along the La Popa salt weld, showing similar 
blomarker patterns.
Figure 10 -A ternary plot showing % C27, C28, and C29 steranes 
of potential migrated hydrocabon samples.
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Figure 11 -Two gas diromatograms from potential source rocks 
collected within the La Popa basin. Suspected n-paraffins, pristane and 
phytane are labeled, but are uncertain due to the poor quality of data. These 
samples do not show normal n-paraffin envelopes as seen in Figure 8.
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Figure 12 - Several biomarker traces from potential source rock samples collected within the La Popa basin. 
The m/z ratios of 191 and 217 are shown.
Figure 13 -A ternary plot showing % C27. C28. and C29 steranes 
of potential source rocks (open), and migrated hydrocarbons (filled).
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Figure 14 - A comparison of the Parras Shale (upper) and migrated material (lower) from along the weld. The m/z ratios 
of 191 and 217 are shown. The ratios of peak heights do not correlate well, suggesting this is not a good source candidate.
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Figure 1 5 - A measured stratigraphie column of La Popa basin. The 
complete column was measured in three segments (see Figures 4a and 4b 
for segment locations). The numbered symbols indicate the locations 
where vitrinite samples were collected. Scale Is in meters.
72
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Ien
•§to
&
Q
CMP=EXP;TH=THF;M*r=LL 
T0»1 ;T1=3.5;KEXP=8at;PRM=PL
viento 
Adjuntas
eigaao
LPort
Inundura
Cupido
10000
12000 —
Carroza Formation
La Casita 
Minas VIeJas
iT in n i f  I I m ill 
0.1 1
Maturity (%Ro)
Miturity
1
Eariy Matura (oil) 
0 .5 to 0 ,7 (» R o )
1
Mid Mature (oil) 
0.710 1 («R o )
Late Mature (oil) 
1 to1 .3 (% R o)
Main Gas Gtneiation 
1.3to2.6(% R o)
«Ro+
Figure 16 - ABasinMod ID  plot showing measured Ro (crosses) vs. 
calculated Ro (solid line), based on gross lithologies and unit thickness as 
shown in Table 9. The model assumes a removed overburden of 5 km and a 
regional heat flow of 35 mW/m^,
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Figure 17 - ABasinMod ID  basin history diagram, showing subsidence of the 
basin through time. Also shown are the oil windows, allowing prediction of 
the onset of hydrocarbon generation for various potential source rocks within 
the basin. The tectonic subsidence curve is also shown by the blue line.
The basin model is based on gross lithologies and unit thickness as shown in 
Table 9, and values determined in Figure 16.
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Figure 18. A picture of fractures showing possible evidence of hydocarbon 
migration along the weld at the Boca la Carroza locality. While discoloration and 
remineralization is evident, geochemical analyses of samples from this location 
did not indicate the presence of migrated hydrocarbons. The rock hammer is 33 
cm long.
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Potential Migrated Hydrocarbon Samples
Sample Geographic Relative
Id. Location Location
weld 02LP01 26°08.891'N , 100°46.469'W contact
Carroza 02LP02 26°08.124’ N, 100°44.091’ W mudstone
weld 02LP03 26°08.066' N, 100°44.214' W salt
weld 02LP04 26°08.066' N, 100°44.214' W salt
weld 02LP09 - salt
Carroza 03LP12 26°08.780' N, 100°46.182' W contact
weld 03LP13 26°08.780' N, 100“46.182' W salt
weld 03LP14 26°08.346' N, 100°45.353' W sandstone
Potrerillos Fm 03LP15 - sandstone
weld 03LP16 26°08.346' N, 100°45.353' W salt
weld 03LP22 26°09.369' N, 100°48.211' W contact
Carroza 03LP23 26°09.050' N, 100°46.986’ W sandstone
Carroza 03LP24 26°09.050' N, 100°46.986’ W mudstone
Carroza 03LP31 26°08.212' N, 100°44.903‘ W sandstone
weld 03LP32 26°08.212’ N, 100°44.903’ W contact
weld 03LP35 - weld
weld 01M 005 - contact
Potential Source Rock Samples
Sample Geographic
Id. Location
material within weld 03LP10 26°09.080' N, 100°47.116' W
Potrerillos - Upper Ms 03LP06 26°03.434' N, 100°43.630' W
Potrerillos - Upper Ms 03LP05 26°03.400' N, 100“43.720' W
La Casita Fm 03LP27 -
La Casita Fm 03LP26 -
Parras Shale 03LP33 -
Parras Shale 03LP34 -
Inundura Fm 03LP30 -
Taralses Limestone 03LP28 26“09.094’ N, 100°47.579' W
Viento Fm 01M 004 26°08.345' N, 100“46.558' W
Potrerillos - Upper Ms 01M 006 26°04.799‘ N, 100°44.730' W
Potrerillos - Upper Ms 01 MOOT 26°04.775' N, 100°44.662' W
Parras Shale 0 1 M O 1 1 -
Aurora Limestone 01 M C I 0 26°06.491’ N, 100°41.924' W
Viento Fm 01M 008 26°05.671'N , 100°41.599'W
Taralses Limestone 0 1 M 0 0 1 25°44.877‘ N, 100°30.486’ W
La Casita Fm 01M 003 25°52.466‘ N, 100°33.506' W
Zuloaga Limestone 0 1 M 0 0 2 25°52.266' N, 100°33.462' W
Table 1 - The geographic locations of potential migrated hydrocarbon samples and 
potential source rock samples, and the relative locations of potential migrated 
hydrocarbon samples in relation to the weld. Contact = at the edge of remnant 
salt, mudstone = within mudstone proximal to the weld, salt = within remnant 
salt, sandstone = within sandstone proximal to the weld, and weld = along the 
weld in areas lacking remnant salt.
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Id.
TOC S1 S2 S3 Tm ax
(°C)
Gal.
%Ro
HI 01 S I/T O C PI Checks Pyrogram
weld 02LP01 0 59 0 34 006 0.00 395 * -1.00 10 0 58 0 85 na
Carroza 02LP02 0.24 0.01 0.00 0.12 -1 * -1.00 0 49 4 1.00 c f
weld 02LP03 0.10 0.02 0.00 0.46 -1 * -1.00 0 460 20 1 00 f
weld 02LP04 0.09 0.02 0.01 0.45 -1 * -1.00 11 479 21 0.67 f
weld 02LP09 0.17 0.01 0.03 0.12 423 * 0.45 18 71 6 0.25 c
Carroza 03LP12 0.08 0.03 0.06 0.25 362 * -1.00 72 301 36 0.33 f
weld 03LP13 0.08 0.02 0.01 0.06 335 * -1.00 12 73 24 0.67 f
weld 03LP14 0.06 0.01 0.01 0.06 410 * 0.22 17 105 17 0.50 f
Port./weld 03LP15 0.08 0.02 0.02 0.06 421 * 0.42 26 26 0.50 c f
weld 03LP16 0.18 0.07 0.05 0.36 340 * -1.00 28 200 39 0.58 f
weld 03LP22 0.02 0.01 0.01 0.02 466 * 1.23 50 100 50 0.50 f
Carroza 03LP23 0.12 0.04 0.06 0.12 434 * 0.65 50 100 33 0.40 na
Carroza 03LP24 0 41 015 0 02 0.10 298 * -1.00 5 24 36 0 88 f
Carroza 03LP31 0.16 0.02 0.06 0.16 456 * 1.05 37 99 12 0.25 f
weld 03LP32 0.18 0.03 0.05 0.10 399 * -1.00 28 56 17 0.37 f
weld 03LP35 0.09 0.00 0.00 0.38 -1 -1.00 0 422 0 - - - - c f
weld 01M005 1.06 0.27 0.21 0.50 514 2.09 l i l i i 47 25 0.56 f
Notes:
"-1" indicates not measured or meaningless 
ratio
TOC = weight percent organic carbon in rock 
S1, S2 = mg hydrocarbons per gram of rock 
S3 = mg carbon dioxide per gram of rock 
I  max = °C
* Tmax data not reliable due to poor 82 peak
HI = hydrogen index = 82 x 100 /  TOC
OI = oxygen index = 83 x 100 / TOC
81/TOC = normalized oil content = 81 x 100 /  TOC
PI = production index = 8 1 /  (81+82)
Cal. %Ro = calculated vitrinite reflectance based 
on Tmax
Measured %Ro = measured vitrinite reflectance 
c = analysis checked and confirmed
Pyrogram:
n=normal
ltS2sh = low temperature S2 shoulder 
It82p = low temperature S2 peak 
ht82p = high temperature 82 peak 
f = flat 82 peak
na = printer malfunction pyrogram not 
available
Table 2 - Results of the geochemical analyses of potential migrated hydrocarbon samples collected along the La Popa weld. 
The values showing positive indications of migrated organic material are highlighted.
SAM PLE NDMBER:
TERPANE
02LP01 ffZLP02 TJ2LP24 02LP31 q2LP3Z
Height Height Height Height Height
C20 tricyclic 76 36 31 28 23
C21 tricyclic 99 69 50 20 36
C22 tricyclic 20 18 24 3 10
C23 tricyclic 103 108 92 11 51
C24 tricyclic 45 57 56 5 28
C25 tricyclic 23 29 36 2 20
C24 tetracyclic 12 20 26 2 9
C26 tricyclic 12 14 24 2 14
C28 tricyclic 10 18 25 4 13
C29 tricyclic 6 17 27 3 14
Ts 8 30 34 8 12
Tm 18 31 29 31 26
C30 tricyclic 9 16 27 7 15
C29 ap-hopane (C29 hopane) 42 54 60 73 64
C29TS 9 17 24 14 18
Diahopane (C30) 4 22 12 11 10
C30 aP-hopane (Hopane) 114 166 78 110 100
C30 Pa-hopane (moretane) 13 10 14 14 14
C31 ap-hopane 228 14 21 22 17 26
C31 ap-hopane 22R 21 19 21 14 20
Gammacerane (C30) 0 2 0 3 3
C32 aP-hopane 228 8 13 15 9 13
C32 aP-hopane 22R 15 9 11 6 10
C33 ap-hopane 228 5 7 8 6 9
C33 aP-hopane 22R 4 4 5 4 6
C34 aP-hopane 228 3 5 2 3 7
C34 aP-hopane 22R 2 3 1 2 1
C35 aP-hopane 228 2 5 0 2 5
C35 aP-hopane 22R 1 3 0 1 1
nC17 32 10 NA 98 20
Pristane NA NA NA 8 2
nC18 15 14 NA 81 55
Phytane NA NA NA 5 1
n C21 NA NA NA 48 85
n C22 NA NA NA 37 79
nC23 NA NA NA 30 72
n C24 NA NA NA 22 65
n C ‘25 NA NA NA 21 ?
n C26 NA NA NA 15 42
n C27 NA NA NA 12 36
n C28 NA NA NA 9 28
n C29 NA NA NA 7 25
Table 3a - The measured peak heights of terpanes and n -paraffins in potential migrated hydrocarbons 
collected along the La Popa weld. Heights are in mm. The concentrations are different from sample to 
sample, making direct comparison of peak heights inaccurate though relative peak height ratios (as 
shown In Table 3b) are valid.
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SAMPLE NUMBER; 02LP01 02LP02 02LP24 02LP31 02LP32
TERPANES Ratio Ratio Ratio Ratio Ratio Average Std. Dev. Av.+StOev Av-StDev
C29Ts/(C29Ts + C29 Hop) 0.18 0.24 0 29 0.16 0 . 2 2 0 . 2 2 0.05 0.27 0.17
C23Tri/(C23 Tri + C30 Hop) 0.47 0.39 0.54 0  09 0.34 0.37 0.17 0.54 0.19
Ts/(Ts + Tm) 0.31 0.49 0 54 0  2 1 0.32 0.37 0.14 0.51 0.23
Ts/(Ts + Homohop 31S) 0.36 0.59 0.61 0.32 0.32 0.44 0.15 0.59 0.29
C31 homohop isomer 0 40 0.53 0.51 0.55 0.57 0.51 0.06 0.57 0.45
C32 homohop Isomer 0 35 0.59 0.58 0.60 0.57 0.54 0 . 1 1 0.64 0.43
C35 Hops/(C31 - C35 Hops) 0.04 0.09 0  0 0 0.05 0.06 0.05 0.03 0.08 0 . 0 1
C32 22S/(C32 22S + 22R)Hops 0.35 0.59 0.58 0.60 0.57 0.54 0 . 1 1 0.64 0.43
Mor/(Mor+Hop) 0 . 1 0 0.06 0 15 0 . 1 1 0 . 1 2 0 . 1 1 0.03 0.14 0.07
C29Ts/(C29Ts + C29 Hop) 0.18 0.24 0.29 0 1 6 0 . 2 2 0 . 2 2 0.05 0.27 0.17
Gamm/(Gamm + C30 Hop)*10 0 . 0 0 0 . 1 2 0 . 0 0 0.27 0.29 0.14 0.14 0.27 0 . 0 0
C24Tet/(C24Tet + C26Tri) 0.50 0.59 0.52 0.50 0.39 0.50 0.07 0.57 0.43
C24Tet/(C24Tet + C30Hop) 0 . 1 0 0 . 1 1 0 25 0  0 2 0.08 0 . 1 1 0.09 0 . 2 0 0.03
Diahop/(Diahop + C30 Hop) 0 03 0 . 1 2 0.13 0.09 0.09 0.09 0.04 0.13 0.06
Diahop/(Diahop + C29Hop) 0.09 0.29 0.17 0.13 0.14 0.16 0.08 0.24 0.09
C29 Hop/(C29 Hop + C30 Hop) 0.27 6.25 0.43 0.40 0.39 0.35 0.08 0.43 0.26
C23/(C23 + C29)Trl 0.93 0 . 8 6 0.77 0.79 0.78 0.83 0.07 0.89 0.76
Tri/(Tri + Hop) 0.49 0.40 0.46 0.14 0.32 0.37 0.14 0.50 0.23
C25/C26Tri 1.92 2.07 1.50 1  0 0 1.43 1.58 0.42 2 . 0 1 1.16
Dlahop/(D!ahop+C29Ts) 0.31 0,56 0.33 0.44 0.36 0.40 0 . 1 0 0.50 0.30
28+29trls/29+29trls+hopanes 0.06 0.13 0  2 1 0.04 0.09 0 . 1 1 0.07 0.18 0.04
Pristane/(Prlstane+Phytane) NA NA NA 0.62 0.67 0.64 0.04 0 . 6 8 0.60
Pristane/nC17 NA NA NA 0.08 0 . 1 0 0.09 0 . 0 1 0 . 1 0 0.08
Phytane/nC18 NA NA NA 0.06 0 . 0 2 0.04 0.03 0.07 0 . 0 1
Pr/Ph NA NA NA 1.60 2 . 0 0 1.80 0.28 2.08 1.52
biodegraded? yes mostly yes no slightly
oleanane? no no no no probably
Table 3b - The calculated ratios using peak heights of terpanes and n-paraffins within potential migrated hydrocarbons reported in Table 3a. 
Average values and standard deviations are also reported. The ratios allow direct comparison of samples by negating the problem of differing 
biomarker concentrations within the samples. Any anomolously high and low values are shaded.
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SAMPLE NUMBER:
STERANE
02LP01
Height
02LP02
Height
02LP24
Height
02LP31
Height
02LP32
Height
C27 aaa  208 34 23 26 41 27
C27 app 20R 46 35 40 29 41
C27 aPp 208 17 11 17 20 17
C27 aaa 20R 42 26 25 46 44
C28 aaa 208 14 9 6 25 16
C28 aPp 20R 25 15 23 25 28
C28 aPP 208 24 27 20 28 25
C28 aaa  20R 28 18 19 36 36
C29 aaa 208 38 18 25 52 41
C29 aPP 20R 30 17 23 33 29
C29 aPP 208 32 21 25 39 40
C29 aaa 20R 41 26 25 54 48
C27 total 139 95 108 136 129
C28 total 91 69 68 114 105
C29 total 141 82 98 178 158
DIASTERANES
C27 Pa 208 80 90 83 29 50
C27 Pa 20R 42 45 51 21 34
total diasteranes 122 135 134 50 84
SAMPLE NUMBER: 
STERANES & DIASTERANES
02LP01 02LP02
Ratio
02LP24 02LP31 02LP32
Ratio Ratio Ratio Ratio Average Std. Dev. Av.+StDev Av-StDev
% C27 0.37 0.39 0.39 0 32 0.33 0.36 0.03 0.40 0.33
% C28 0.25 0.28 0.25 0.27 0.27 0.26 0.01 0.28 0.25
% C29 0.38 iisO 33 0.36 0.42 0.40 0.38 0.03 0.41 0.34
C29 aap 208+R/(aaa 208+R+aaP 208+R) 0.44 0.46 049 0 40 0.44 0.45 0.03 0.48 0.41
C29 aaa 208/(8+R) 0.48 0.41 0.50 0.49 0.46 0.47 0.04 0.50 0.43
C27 diasteranes/steranes 0.88 1.42 1.24 0.37 0.65 0.91 0.43 1.34 0.48
C27 diasterane pa 208/(208 + 20R) 0.66 0.67 0.62 0 58 0.60 0.62 0.04 0.66 0.59
Table 4 - The measured peak heights of steranes and diasteranes within potential migrated hydrocarbons collected along the La Popa weld. 
Heights are in mm. Also shown are sterane/diasterane biomarker ratios for the samples. These were used to compare samples, and they 
yield information about the source of this material and its thermal history. The calculated values outside average +/- st.dev. are highlighted.
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Sample
Id.
TOC 31 82 S3 Tm ax Cal.
%Ro
Meas.
%Ro
HI 0 1 S i/T O C PI Checks Pyrogram
material within weid 03LP10 0 9 7 0.51 2 39 0.17 462 1.16 i i l i l i i i i i i 53 i i i i i i c n
Potrerillos - Upper Ms 03LP06 0 51 0.03 0.01 0.00 333 -1.00 2 0 6 0.75 f
Potrerillos - Upper Ms 03LP05 0,47 0.02 0.00 0.26 -1 -1.00 0 55 4 1.00 f
La Casita Fm 03LP27 0.33 0.17 0.02 0.12 -1 -1.00 6 36 51 0.89 f
La Casita Fm 03LP26 0.30 0.10 0.04 0.14 338 -1.00 Barren 13 47 33 0.71 f
Parras Shale 03LP33 0.24 0.02 0.02 0.13 335 -1.00 1.47 8 55 8 0.50 f
Parras Shale 03LP34 0.20 0.03 0.02 0.04 362 -1.00 10 20 15 0.60 f
Inundura Fm 03LP30 0.07 0 . 0 1 0  0 2 0.19 298 -1.00 Barren 27 255 13 i i i i i i i s f
Taralses Limestone 03LP28 0.01 0.00 0.00 0.00 -1 -1.00 0 0 0 — f
Viento Fm 01M004 0.22 0  0 1 0  0 2 0.11 -1 -1.00 9 50 5 0 33 f
Potrerillos - Upper Ms 01M006 066 0.03 0.03 0.16 399 -1.00 5 24 5 0.50 c f
Potrerillos - Upper Ms 01M 007 0 47 0  0 1 0  0 2 0.09 386 -1.00 4 19 2 i i i i i i f
Parras Shale 01MO11 0.14 0.02 0.Ô2 0.10 335 -1.00 14 71 14 0.50 c f
Aurora Limestone 01M0 1 0 0.13 0.00 0.01 0.09 -1 -1.00 8 69 0 0.00 f
Viento Fm 01M008 0.12 0.01 0.01 0.72 -1 -1.00 8 600 8 0.50 c f
Taralses Limestone 01M001 0.15 0.02 0.02 0.16 0.98 13 107 13 0.50 c f
La Casita Fm 01M 003 0.18 0.03 0.02 0.02 -1 - 1.00 11 11 17 0.60 c f
Zuloaga Limestone 01M002 0.13 0  0 1 0 03 0.00 -1 - 1.00 23 0 8 # # # # ; f
Notes:
"-1" indicates not measured or 
meaningless ratio
TOC = weight percent organic carbon in 
rock
S1, S2 = mg hydrocarbons per gram of 
rock
S3 = mg carbon dioxide per gram of rock 
T max = °C
* Tmax data not reliable due to poor 82  
peak
HI = hydrogen index = 82 x 100 / TOC 
01 = oxygen index = 83 x 100 /  TOC 
81/TOC = normalized oil content = 81 x 100 /  TOC 
PI = production index = 8 1 /  (81+82)
Pyrogram:
n=normal
ltS2sh = low temperature 82 shoulder 
It82p = low temperature 82 peak
Cal. %Ro = calculated vitrinite reflectance based on Tmax ht82p = high temperature 82 peak 
Measured %Ro = measured vitrinite reflectance f = flat S2 peak
c = analysis checked and confirmed na = printer malfunction pyrogram not available
Table 5 - The geochemistry of potential source rock samples collected in and around the La Popa basin. Values showing 
potential indications of source rock potential are highlighted.
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SAMPLE NUMBER;
STERANE (SR candidates)
02LP05 02LP06 02LP10 03LP30 03LP33
Height Height Height Height Height
C27 a a a  208 56 34 14 48 71
C27 aPp 20R 65 50 2 2 54 40
C27 app 208 2 1 15 33 2 0 30
C27 a a a  20R 62 55 16 58 97
C28 a a a  208 25 14 7 19 39
C28 aPP 20R 37 24 30 26 38
C28 aPP 208 40 2 1 7 24 40
C28 a a a  20R 47 25 1 0 32 74
C29 a a a  208 64 26 1 1 40 8 8
C29 aPP 20R 42 25 1 2 25 43
C29 aPP 208 52 30 14 33 62
C29 a a a  20R 81 35 1 2 43 113
C27 total 204 154 85 180 238
C28 total 149 84 54 1 0 1 191
C29 total 239 116 49 141 306
Diasteranes
C27 Pa 208 94 95 34 96 28
C27 pa 20R 56 51 2 2 53 15
total 150 146 56 149 43
PARAMETERS 
SAMPLE NUMBER: 02LP0S 02LP06 02LP10 03LP30 03LP33
% C27 0.34 0.44 0.45 0.43 0.32
% C28 0.25 0.24 0.29 0.24 0.26
% C29 0.40 0.33 0.26 0.33 0.42
C29 aaP 2 08+ R /(aaa  208+R +aaP 208+R ) 0.39 0.47 0.53 0.41 0.34
C29 a a a  208 /(8+R ) 0.44 0.43 0.48 0.48 0.44
C27 diasteranes/steranes 0.74 0.95 0 . 6 6 0.83 0.18
C27 diasterane Pa 208 /(208  + 20R) 0.63 0.65 0.61 0.64 0.65
Table 6  - The measured peak heights of steranes and diasteranes within potential source rocks samples collected in the La Popa 
area. Heights are in mm. Also shown are sterane/diasterane biomarker ratios for the samples. These were used to compare 
the samples to migrated materials found along the weld.
Sam ple # Form ation m easured Ro # o f readings
03LP26 La Casita barren 0
03LP30 Indidura barren 0
03LP29 Indidura barren 0
03LP33 Parras 1.47 16
0 1 M O 1 1 Parras 0.93 23
03LP39 Muerto 0.95 28
UDoer section (from  bottom  to  too)
Sam ple # Form ation measured Ro # o f readings
03LP38 L. Potrerillos 0.76 9
03LP17 L. Potrerillos 1.47 6
03LP18 L. Potrerillos 1.35 9
03LP19 U. Potrerillos 1.13 1 2
01M 006 U. Potrerillos 1.09 15
03LP20 Adjuntas barren 0
03LP21 Adjuntas 1 . 0 1 25
01M 004 Viento 0.92 48
03LP41 Carroza 0.91 2 0
03LP40 Carroza 0.93 27
Away from section
Sam ple # Form ation m easured Ro # o f readings
01M 003 La Casita 0.89 5
Table 7 - The vitrinite reflectance values from samples collected in and around the La Popa 
basin. The lower section samples were collected north of the weld, and the upper section 
samples were collected south of the weld. The upper section samples were used in basin 
modeling; all of these samples were collected along the same stratigraphie section on the 
same side of the weld.
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Formation Formation thickness Gross litholoav
Jr salt 77.5 1 0 0 % salt
Zuolaga Ls 129.9 1 0 0 % limestone
La Casita Fm. 326.6 60%ls, 30%sh, 10% sits
Taraises Fm. 810.6 1 0 0 % limestone
Cupido Ls 972.4 1 0 0 % limestone
Inundura Fm. 515.2 1 0 0 % limestone
Parras Shale 993.2 90%sh, 5% sits, 5%ss
Muerto Fm. 120.4 75% ss, 20%sh, 5% Is
Lower Port. Fm. 1027.3 80% sh, 15% ss, 5%slts
Delgado Ss. 27.0 70% ss, 25% sh, 5% sits
Upper Port. Fm. 511.7 35% sh, 35% sits, 30% ss
Adjuntas Fm. 357.5 75% sh, 15% ss, 10% Is
Viento Fm. 807.0 40% sh, 40%  sits, 10% ss, 10% Is
Carroza Fm. 901.1 65% sh, 25% ss, 10% sits
Table 8  - Table of measured thickness and gross lithologies observed during measurement 
of stratigraphie sections. This data was input into BasinMod 1D to produce the basin model.
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Sam ple
Id.
Rem nant
Salt
Upturned
Lithologies
Fractures Contact
Lithologies
HC's?
02LP01 Y Y N L.Port., Carroza Y
02LP02 Y Y N L.Port., Viento Y
02LP03 Y Y minor L.Port., Viento Y
02LP04 Y Y minor L.Port., Viento N
02LP08 Y Y Y L.Port., Carroza N
02LP09 Y Y minor L.Port., Carroza Y
02LP10 Y Y minor L.Port., Carroza Y
03LP12 Y Y N L.Port., Carroza N
03LP13 Y Y N L.Port., Carroza N
03LP14 Y Y N L.Port., Carroza N
03LP15 Y Y N L.Port., Carroza N
03LP16 Y Y N L.Port., Carroza Y
03LP22 Y N N L.Port., Carroza N
03LP23 Y N minor L.Port., Carroza Y
03LP24 Y Y N L.Port., Carroza Y
03LP31 Y Y N L.Port., Carroza Y
03LP32 Y Y N L.Port., Carroza Y
03LP35 N Y Y Veinto, Boca la Carroza lentil N
01M 005 Y Y N L.Port., Carroza Y
Table 9 - The observed properties at collection sites along the La Popa weld. For this figure, 
samples with TOC values above 0.10 wt.% were considered to contain hydrocarbons, and 
samples iselow 0 . 1 0  wt.% do not.
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APPENDIX I
CHROMATOGRAMS FOR POTENTIAL MIGRATED HYDROCARBON
SAMPLES
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j y * - - , .  J L . J O  4 L .  OC 43, UJ bD .0% 5 b . 0 L  Î O . J Z  6 5 . 0 0  .V J 50 .OU t ï  CJ > 0 , J Ü
GC/MSD trace
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Sample 03LP31
u b 'is a iir ic d  3 CU L 9 - i .OC r T5o . 70  t o  _ 9 1 . 7 3 :  ; SHOOJl . D
GC/MSD trace
~r^mmjTrmc-.vc:c ziv.^ ci—uti:oi.y
CO s o . o c  : 2 . : o  g < î . o :  : c , o o  c d . o :  7 c . o o  i z  c o  ^ 4 , o c  7 G .3 &
GC/MSD trace
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Sample 03LP31
J ia r .d a n c ç  r a n  c iS  *0 0  C 2 i7 . 70  r o  2 - € . 7 C l
3LO . ,
IC O  _____________________________________________________________________________________ ________  _______ _
: n e - - j> û .ô ô  : o , : o  c I T c l  ïT T ô ô  c : ' o o  c c . o o  ' / o . dc  ? £ . 'oc  tT . 'oc t :  oc
iu n d c .- ic t  I o n  2 5 D .0 C  (2 5 -8 .7 0  t o  2 S L .? 2  : C llO O l.E
1. pgRmTZ.........................    TTTTOr -armiTTl' "ArOOl .T>
300
' ^ V nk.'
a r c  * - i  I 'C  h u . o o  & 2 . . u  & : . U L  i . * , ' j u  o d . o .  v u . w  'C  t v  ' 1 . o t  v k . j w
GC/MSD trace
i c n  t s * i . o c  u > v - / t . ‘ - s r t 3 o i i x
irn .- > € 4 . 0 0  7 0 , 9 0  7 5  : 0
GC/MSD trace
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Sample 03LP32
tjurtaanucLR:0
GC trace
l o r .  1 : 1 . 3 0  : i 3 : , 7 3  t c  : 3 : . 7 o i .  o i i c i i . d
Au' ! I.
i J r r - - i ' C . C ’ .  1 1 . CO 4 1 . 0 C  1 0 . 3 0  1 3 . 0 0  62 13  1 3 . 0 0  0 :  7 3 . 0 1  1 0 . 3 0  R ' . O O  91 f r
GC/MSD trace
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Sample 03LP32
om riO a r.cc  1 arc  iori /V zô~i9r;7T?r~jfîc>: i ;L
i
i( r . - e -  - t - 3 . 0  J
GC/MSD trace
Ljua<$jjr.cc i o n  i i v . x D T - m v . * / ;  t c  .  1 ' . 7 0 )  ;  i i H o i . a .
:r
130
jO .O O  C2 LO 0 4 . UO S C .IO  C L . 0 0  /G .J O  % ^ .C 3  7 4 . OC ; c . C 3
GC/MSD trace
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Sample 03LP32
L b u T - d a n o c "rb •/<.') : cWOl-.i:---------------
II
I f ,l||: I I I ,  » ' i
• i n e - - - ’ r o . : c  c : . c :  3 4 . 2 0  C3 . 0 2  c o . o c  3 2 . c i  ■ ' ï . oc  7 4 . 2 2  ? ' , o c
b i . r d n - . c : r  "   T i n  : r o , O C “ i T 3 5 T 7 5 ~ - 7 c ^ 2 S : , 7 C i  g n Z l I . D --- ---------------------i?n
Cn f i? 0 n A4  nn p a  -  n p p  o n  i n  n o  - 7  n n  7 *. n n  t p  r-n  
7. f» 911. or :?^n 7D tn ?M SH-'.* 1 r. -----------------
Ajuki/i
a*c--x tP,OV t4,0V 3t.;0 OU. CL /Ü.JD ‘M . CC iO.UV
GC/MSD trace
" I Z n  l9 l T t r C  n W T T G  LO . 9 > i .  j  ”r
1:00
b ’J n d  3 T Î C  ?
7ÙC
V  w y *  « ’’'**■ 
TO.'OO 7 5 . 0 c '—IblTTTi 03 'i?%T7tr%0 es . 003 0 . JO“ ■•SKïni.r
ûf. i
GC/MSD trace
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Sample 02LP05
GC trace
iT m d a n o c  
1 :- jî: o
i c n  i x L  <iV ( L P U . V D  t c  L S a . V P i :  UZI OVC. z
I D O v
I
I I (1
■   . . ,
4 : . o c  4 L ..c :: c c . o o  : c  oc  c c . : o  r : . o :  ? o . c :  - » ' " . oo i n  n r  c z . : o  s o . o o
GC/MSD trace
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Sample 02LP05
I
l o r .  1 2 1 .  : 0  ( I O C . 7 3  t o  1 : 1 . 7 0 1 ;  C U O O I .D
40CO
C D  .  CC j . C 3 C3 C3
GC/MSD trace
93.)C
i ju n d j ic iv t t
1 mnn
T w.4 2 1 ? . 0 0  C21S 70  L c  3 1 7 . ? 0 ) :  S H O : f  3
L L t '.i 
T r^n
13 LO 
lOCO
e o o
rno
I :
I '
i
Vf
r
•Î
I iv . h
'h
V/*»* * ;
6 2 . 0 0  ÔS.O:  5 6 . : 0  6 B . 0 :  7 0 , 0 0  T 2 . 0 2  7 * . . O'  1 6 . C:
GC/MSD trace
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Sample 02LP05
50:
r u t .  2 1 3  ZO ( 2 1 7 . T 3  Lw 2 1 3 . 7 0 ) :  SHOOS.D
6L.Ü. t s . L ;  t $ . ot 5 9 .UV 'L.OL , 3 . ;o  ' ' I  o; vb.oc
L o r  J T V T Y t r  ( gL  ^ J
1^ '
• Inr -  -  -  
.Iiu n 3 5 irô ë ~
0 5  0 :  0 2 , 0 0  C 4 . 3 0  O C . O C  0 0 .  DO 1 0  CD ? : . 0 C  1 4  CO 7 0 . 0 0
Z 2 : . 0 ÿ  ( 2 3 9  7& CO 2 3 1 . 7 0 .  3 » Q :< ; . :
' i'
V f y . /  L.L\v,V^V..L '*‘0/' :/ .
« 0 . 1 0  6 2 , 0 0  5 6 . 0 0  6S.CO 6 « . 0 0  1 5 , C:  7 2 . 0 0  7 4 . CO 7 f . & f
GC/MSD trace
t b .n a a a c L
-hUUU
I c n  r 5 ‘i ' . o c ~ " : i w ; 7 ' o '  t b  T y i T ^ T ' Y - s H n o f  . c
L C O O O  4
i r e - -> 
J5un23hce
5 5 . 5 0  1 5 . 0 0  1 5 . 0 5  3 0 . oc  « 5  5 0
-------------------------------------- lu a  517  0 5  l'_. 1 7 ?  1 0 )  : S^.OdŸTD  '
£>0C . 
4 U V L  _
j JUL ]
2 00 2 .i
1003 y- 
" in c  >
_'V.
GC/MSD trace
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Sample 02LP06
GC trace
bui:cL^;ic.'t.
5:30 - 
51: :>i) . 
4C30
<CVC' J
IS O :  I
"■UK
:5cc
7 -\c.r 
I50C 
lOO'J j
50 3  ;
l 4 U  1 * 1 . 0 0  ( 1 & 4 . 7 0  Lu 1 > 1 . T C *  S E C O S .r
! !l , ' , , ' . 'I, Aw.-
3 5 . 0 0  4 :  0 :  4 L . 3 0  50 . CD tS . OD « 0 . 0 0  6 5 . 0 0  : 0  : 0  7 5 . 0 0  * 0 . 0 :  6 5 . CO 9 0 . 00
GC/MSD trace
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Sample 02LP06
I j n  l & l . O O  (1?«3.70 I M . 7 C '  f iKÎOS.X
HOC
w * ^
IrrP--;- < ? 00
L U ti_ 4 n _ e
?c:
GC/MSD trace
l o j .  227  : 0  ( 2 1 6 . 1 3  t o  2 1 7 . 7 0 ) :  SHOOS C
I: i
' 4| WY * V>* V  V,"
6 0 CO € 2 , 0 0  Ç4.0O < 6 . > 5  € 4 . 0 0  1 3 . CD 7 2 . 0 0  0 4 . 0 0  7 « . ? c
GC/MSD trace
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Sample 02LP06
iU«aaano2" 2tu 70 to 2iô.7J: I shdwe.D
bio i k ' I
Ww ■'vK'vy''’''‘ y " ■ '* w ' ^  .V.
I#’
• io.« > t»n.CO 62  00 € < . 0 :  S 6 . : c  6 3 . 0 :  7 0 . 0 0  7 2 . 0 3  7 4 , Of' ic .c :
J b u z id in c c  I c n  25C 00  2 5 & .? C  t o  2 5 )  701 ? C H 0 0 5 .D
:
6C' .  0 ; 8"SPt:T5
b l  0  0  bb.VV b b . . v
GC/MSD trace
t L . U L  ï^i .OU LO O V  ' 0 . 0 0  W JO . UJ 7fc . JO
üâ_aaàaoL TcnlVi.OC )i>0.70 to .91.^ 3:, 6H3v5.D
'ire-îiuüSinrr©-
; IW.-.
4(1)
GC/MSD trace
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Sample 02LP10
GC trace
OjuiStai'Gc* ' ir-rm 'ZorTÏy. .00 <j»4.7o CO ivi.ict fiSCCO.t
   F: A  :, i
Vlv! N
;scc
Ï»KV
■fyW/ I l<
js.vv a.JuL U’J mU bu.uu !>=.UJ .y.'ju tt.uu lu /s .jc  «u.oi fch.c; vu.uu
GC/MSD trace
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Sample 02LP10
Z J u  1 3 1 . 0 0  r i s e . TO 1 9 1 , ? C ï SHT 03 : T
2 C )9 'II
6 5  0 0
GC/MSD trace
r->.i Tl-^ .OC (lie. 70 217 TC!i SBOCl.r
12CC
2ir.^“ - v  « 0 , 0 0  i 2 . : o  « 4 . 0 :  s « . : c  « b . o :  7 o , o o  t z . c o  t ^ . oc ~ e . c '
GC/MSD trace
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Sample 021^0
Ü> jiSU-act I i
oc
A ")fl
/■ t *
I ' V * ^ ; ^ ' c W r ' # . A  V w ^ '  l^!" i
  —   —-— ---  _ I_ f. £a O' 70.30Ï.OC e2.C'3 ^T*°\cr r,3 268. to 26) "0:;
7 < . OC
-W'V vV 'V ^‘*'. V V.-W.W "J^L
i:;::d,:cr -:c.3sccc =«,
"  ..vf / . . ,\AvAv , j ' . ; >
,0t ! .........'««%IV»WM»V
klM Jlt-rtn f
i f  ' ' ^  ^ * ' ,} * !
4L . Ù., 'J. -OW b l
GC/MSD trace
Lb-fKi.fiC"" lu*«i
. . ^  L s i . c :  b . '  - S I . ' 0 ) 1  « * » « :  »
" "  I , ii' : .-I '
■.; ;oi-' i . I U'
■ d o ;  : '  I
20nl : VyWkf b
lb'. V -
irvf« -  -  --
GC/MSD trace
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Sample 03LP30
GC trace
-'■'-,0': 1
- 0 0  0 -
bbO O ,
bU>-U
a t e  Cl
4CC0 '
30CS
30CÛ .;
j s : v  ..
1
1%
rye.  ’
: > 3  .
0
XÎX..U tc iS-.705. iHozax-
•jy-
' W l ,
I i
« II I
LiO 4U.UÜ ' . h . V J  = L . . U  bS.UL' 6 U. V -  nk.JS 'U.UL * b . C J 4V.JU Ür .ÜL Wi-UU
GC/MSD trace
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Sample 03LP30
bunaSïcë— 
50CO .
4SCO , 
4CCC ; 
3SC0 
30G0 
2S30
_
.
5)0
" I o n  X i _ * 0 O  C1S5 -JO c c ^ T T T i D T  S H O O i . t
, % ! . s . I k . l '
«V.M V ‘Vv‘. ,, '  W«.^  *
GC/MSD trace
13ÜC
>0C ,
□on .'
70J : 
GC O j  
5 C J  :
COî\ 2 1 7 .  C j  ( 2 _ k . 7 :  t :  2 1 7 . 7 0 ) 1  S H 0C2 .D
I , ! ' I
kV.JV td.UL b^ .OV t=.Vu bd.üU . U. - 1' /V.UU r . ^ J M  .k.UJ
GC/MSD trace
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Sample 03LP30
t -, 7o: • «vnr,7 n
, 1' ,
I: ! I ii ?
%0C , ; ' ! j .  r *  , %
i r e - - >  t u . u L  = . i , i j u  u v  o b . u i  k d  JO / i ’ . v u  / ^ . JO ; a . u .  / t . j u
5® î5m ï=«     lû r. 2ï ? T r x - r z F r r r ;  c ;  . .5 9 . a o j r s n o c i  d
■ i:Qu ; '
o rtr . V ,  • • ': ’ ’•
 ^J. r  s~ ■. .. VV'V V  ' . ___ . «. _
; n p -  t i . v L  0 2 . 0a S 4 . C 0  o c . c o  3 5 . : c  v u . o L  r j i . j o  ' . « . a . i  v c . - j o
z w . d w i c c  : o r .  1 3 1 . 3 0  ( 2 : 2  1») t o  £ 3 - . 7 0 ) ;  CEÎ0C3.2
'  ■ r • ’  • — ----——r—    .  . . -  — --——, ■ -.. I I— .. . - , ----------— r ■■ - , ... —.—, , ... —
kOW - 6 :  { 3  S 2 .0 C  < 4 . 0 5  4 2 . o r  * 8 . 0 0  ' ^ Z . C :  9 2 . 0 0  '■,4 00  *>,<.00
GC/MSD trace
t^ l.O C  :1 9 t .? 0  Lr.' L 9 1 .7 5 : ;  SHOCS .X
  :9Wc".
1M3
rm T? 0- Ar no ss
"■"TVhi----------------------------— r— i? ?  - o r - 4won?- r --------------
.  — /.—
<5 nc 7 0 . Of. 7 5 . :0  « i . 'o ;  » £ .? 0
GC/MSD trace
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Sample 03LP33
GC trace
Jju;i<3^ { .ce 
- T n o r p  •
--VUL7 j 
iOOL'CI j 
-‘0000 . 
7 or n o
5 o r _ 
*1 0 C 3 0  - 
iO L .H ' 
2 0  CO 5
l y . j  l . a ^ . O O  ( I S O  7 0  -Lt  1 S 1 . 9 0 ) !  S H Û l O . r
5 V O - - s i : . 0 C  3 :  < 0 , 0 0  4 5 . C? 5 0 . 0 0  5 6 . 0 5  £ 0 . 5 0  6 5  . 0 0  . 0 :  7 5 . 2 0  8 0 . 0 0  5 5  . C 5 >0 . 0 0
GC/MSD trace
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Sample 03LP33
buuX«OC4lr' nno~ j
1V_UU_ -
9:00: i
û:oo: : 
?:oni ' 
A in n n  i
j
&OOCO 
icioco :
ÎZOOCO .j 
1< 3 0 2 0  _
V _
6 5 . 0 0
lut. 191 00 U9C.7Î Lv 1&1.70) : S3030
GC/MSD trace
B i x n c a n z c
"
: d i ‘t 2T 7 VC.:- t f iH U iO .D
z :o c
; V, ./
0 __
J J fe*.UC =< ,UU bF .cc -iK.'JU ' _ .u _ <1
GC/MSD trace
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Sample 03LP33
2(-C0
ii.ê.cù ( : i 7 . 70 -0  214.7C J: iB o io .r
= P , ' - U  5 - . Ü -  6 - 4 . U D  t b . u a  4 e - Ü U  ^ ' 3 . L U  ' 2  J p i  > 4 . J O  ' E . U L
b j ï d à n c e  . o n  2 b V . 0C " l l - b fc l .V ! )  t o -------------------- " Ü H J I O . P --------------------
Ejïïnn-r^ ncr
:O .OC C 2 . 0 Z  0 4 . CO 3 Û . :D  0 0 . D :  7 0 . 3 3  7 5 . 0 c 7^ . 0 0  7 ^  C }
- Hen : 3 :  . 0 0  '2 3 0 : 7 y - T c r : : i . ? : : . 3 :1 0 : : . n------------------
IDOC j
6 0 - 0 C  s i . : o  6 C . 0 2  6 6 . 0 0  6 3 . 0 :  7 0 .  OC “ l . C I  7 4  . C C  7 6 , 2 0
GC/MSD trace
bundarce
r DC CO '
10:3 i ;  1 . 0 3 " D U O ,  /D : o  l U l . ' / L n  Ü H U I O . L
Lociua J
fCOC'i i 
4-3000 . 
20000 _
bu.^ .dcncc''L2C3C
1 i:r 33
Ar 30
f e L U U
.LOU •
iOOC ^
b 3  . (  J  • ' • v . C U  / b . ' J U  b U . L U  V j  U J
 .......  - o n " I  / . ' .C O -  U T r r r t T ' T ; ©  t H . i v . i :
C O . 3 0  7 C . 0 3 "'s.CC
GC/MSD trace
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Customer O f  J Y E K 4 A 4 . K E C 4 6
S am ple ID : 03LP17 
M e a n  depth: 0 
Sam ple type: OUTCROP
Immature
l.SO
Viu-inite Reflectance RQ%,
2.00
, Indigenous population statistics
1.47 M in ; 1.33 M ax: 1.59 Std. D ev.; 0 .0 9  Count: (X)
Total population statistics
M ean . 1.70 M in ; 1.33 M a x . 1.99 Std. D ev.; 0 .18  Count: 19
0 1 . 1.33 '
0 2 - 1.43 ' 
03 - i .44 '
0 4 - i.3 i'
0 3 - 1.5:
0 6 - 1 57
07-1 .69
0 8 - 1.69
09 -1 .74
10-1.75
11-1.75
12-1.76
13-1.79
14- 1.80
15-1.83
16-1.83
17-1.86
18-1.91
19-1.99
R eflodm ue va iuexrow dedtonoanH t hundrvdlh. [ ) indicatnt rtrflecUncc value
HamMe (trochemimi Services
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C ustom er: UNIV. OF NEVADA, L \S  VEGAS 
Sample ID: (WAf I f
M e an  depth: 0 
Sam ple type: OUTCROP
I Immature
IS
10
2 . 5 0
Vhrin iic Reflectance R^%
Indigenous population statistics
M e an : 1 .35 ' M in ; 1.30 M a x ; 1.41 Std. D ev.: 0 .04 Count: 09
Total population statistics
M ean; 1,38 M in : 1.07 M a x ; 1.65 Std. Dev.; 0 .16  Count: 16
01 -  
0 2 -
03 -
04 - 
05 - 
0 6 -
07 -
0 8 -
0 9 -
1 0 -  II - 
12 -
13-
14-
15-
16-
1.07
1.12
1.49
1.50 
1.57 
1.62 
1.65
Note; R ctlcc t^ ice  values rooiitled lo  newest hundredt}}. ( J indigenous refloctanoe value
Humble Geochemical Sendees
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Custom er: UN.IV. OF NEVADA. LAS VEGAS
S am ple ID ;  03LP19
M e a n  depth: 0
S am ple type: OUTCROP
0 . 5 0
Vithnke  Reflectance
, Indigenous population statistics
j M ean; 1.13 M in : 1.01 M a x : 1.29 Std, D ev.: 0 .10  Count: 12
Total population statistics
M ean: 1.38 M in : 1.01 M a x : 1.78 Std. Dev.: 0.23 Count: 31
01 . I.Ù1 ' 21 -1,52
02 - 1 ' 22 -1.54
03 - I ' 23 -1.54
0 4 . 1 04. 24 -1.55
Of - 1 .( -4 < 25 - 1..56
06 - 26 -1 .5 6
0 7 - 1 1.1 < 27 -1 .5 6
08 - 114 28-1.61
0 9 - ! 29 -1 .65
10 - I 22' 3 0 - 1.76
11 - 31 - 1.78
12 - 1 2 '! '
1 3 -1 4 0
14-1.42
I f  - 1 44
16-1.44
1 7 -1 4 7
18-1.49
1 9 - l. fO
20-1.51
in*:: nm::
KctloctAios valiids rtnsidedtoncposa hundrcfkh, ( | iodicales tfitiigatows refiectaacs value
Humhie Geochemical Services ».
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Customer W W K OFJYEK4A4.
Sam ple ID ;  03LP21 
M e a n  depth: 0 
S am ple type; OUTCROP
IS
Vitrinite Reflectance Rg%
Indigenous population statistics
I , a t  I M in : 0 ,9 2  .Max; 1.14 Std. Dev.; 0 ,06  Count: 25
M ean: 1.07
Total population statistics
M in : 0 .92  M a x : 1.32 Std. Dev.. 0, ! 1 Coim t: 36
0 1 -9 9 1  -
02 - 0 93 '. 2 2 - : 10
03 - 1) 93 2 3 - i . l  .i
04 -  9 94 - 2 4 - l . l  .i
05 - 0 9 ? ' 2 5 - !.M
06 - 0 9? 2 6 - 1.17
07 - 09*' 27 -1 .17
OX - * 28-1.18
0 9 - o .Ç is  ' 29-1 ,18
1 0 - 0 9 r . ' 30 -1 .19
11 - U 99  < 31 -1,19
12- 1.06' 32 -1 .1 9
13- 1 0 0 ': 33 -1 .19
14 - 1 01 3 4 - 1,23
15 - 1.02 35 - 1.27
16- ] . n :  . 3 6 - 1.32
17- ! .64
IX -  I.6.?
19- l . ' K "
20 - 1 O h .
( ] indkïWtw imligtW'itw refîetttinoe valwe
mwEM HumMe (ieochfnmical Services
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Cuaomer fW » : A/lg
Sample ID:
M e a n  depth; Ü 
S am ple tjp e ; OUTCROP
Immature
X  .0 0 1 .5 0
Vitrinite Reflectance R^%
Indigenous population statistics
M eatt: 1,47 '■ M in : 1.36 M a x : 1.59 Std. D ev.: 0 .08 Count: 16
M ean: 1.68
Total population statistics
M in : 1.36 M a x ; 2 .44  Std. D ev.: 0 .29 Count: 30
01 .  1.3, ; 2 1 -1 7 7
02 - 2 2 - 1.79
0 3 - i.J T ': 23-1.81
0 4 - L35 : 2 4 - 1.89
0 5 - ! 4U 25-2.01
or, - 1.47. < 26 - 2.03
0 7 - 1 4.-, 27-2.11
0 8 - 1 44 28 - 2.20
0 9 - 1 29 -2 .20
10- 1 5 9 ' 30 -2 .44
11- 1 Î .  '
12 - i C
13 - ! i i
14- !
16- ! -
17-1.67
18-1.68
19-1.71
2 0 - 1.73
RttllwSaoce vaiues r%m<kd lo  nearest hmwirctSh, \ | itMfteali-t tntiigeuv.i? rtrtlectattue value
üi'RcsM: Humble Geocbemkal Services
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Customer DA7K O f  7VEK4D 4. ZAg KEGAg 
Sample ID: O J lf
M e an  depth: 0 
S am ple type: OUTCROP
zorti
0 . 5 0
Vitrin ite Reflectance R^%
Indigenous population statistics
I M e m : 0 .%  M in ; 0 .5 6  M ax: 0 .88  Std. D ev.: 0.11 Count: 09
Total population statistics
M ean: 0 .8 2  M in : 0 .5 6  M a x ; 1.26 Std. D ev.: 0 .19 Count: 11
01-0 5f"02-'. M - 
0 3 .9  6S 
04 - n. /K '
05-0.7  ^.
06 - ‘- h ? '
0 7 -".;;.7 .08-IIS7'
09 - "  S\
10 - 0.97
11-1.26
Note: MMmdcd to  TKWist hunUredÜi } ] ittdic»tt» mdigenoiu: reflttdtmvc v»luc
siiMîkïi Humble Geochemical Services
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Customer: fW /K  
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M e a n  depth: 0 
S am ple type: OUTCROP
Immature
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0 . 5 0 1 .00
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  ..., Indigenous population statistics
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M ean; 0 .95  M in . 0 .81 M a x : 1.03 Std. D ev.; 0 .0 6  Count; 28
01 -  
02 -
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04 - 0).
06 -
07 -
08 -
0 9 -
1 0 -  
I I  - 
1 2 -
13-
14-
15-
16-
17-
18-
19-
2 0 -
21 -0.!^ "22 - o.'l'i '
23 - 1'.:'" 
24 .0 .9 :.'
2 5 - 1 01
2 6 - i . : ' l
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Immature Oil zone
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APPENDIX IV
METHODS USED FOR TOC. ROCK-EVAL, AND VITRINITE ANALYSES
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Total Organic Carbon (TOC) and Rock-Eval Methodologies
1. Analysis
Samples were analyzed for TOC by Rock-Eval TOC. Normally, a 100 milligram 
aliquot was used, unless unusually high TOC samples were encountered, 
whereby the weight was reduced to 5-10 milligrams for Rock-Eval analysis. The 
highest S I, S2, S3, and TOC values are reported when multiple weights are 
utilized. However, the Tmax is always reported from the 100 milligram analysis 
due to the gradient in the Rock-Eval oven.
Rock-Eval TOC is non-linear at 100 mg if the TOC exceeds approximately 10%. 
This is easily confirmed by monitoring the oxidation response such that it is not 
allowed to exceed IV  signal; this is accomplished by reducing the sample weight. 
However, some high maturity sediments and coals are not readily oxidized at the 
temperatures employed in the Rock-Eval TOC oxidation oven (about 580°C).
Analytical data are checked selectively and randomly. Selected and random 
checks are completed on approximately 10% of the samples. A standard is 
analyzed as an unknown every 10 samples.
2. Calibration
Instrument calibration is achieved using a rock standard. Its values were 
determined from a calibration curve to pure hydrocarbons of varying 
concentrations. This standard is analyzed every 10 samples as an unknown to 
check the instrument calibration. If the analysis of the standard ran as an 
unknown does not meet specifications, those preceding data are rejected, the 
instrument recalibrated, and the samples analyzed again. However, normal 
variations in the standard are used to adjust any variation in the calibration 
response. The standard is considered acceptable under the following guidelines:
Tmax: ±2°C
SI : 10% variation from established value (0.17 mg HC/g rock)
82: 10% variation from established value (8.41 mg HC/g rock)
S3: 20% variation from established value (0.41 mg COz/g rock)
TOC: 10% variation from established value (3.11 wt.%)
Other standards are utilized depending on the range of values in the samples 
being analyzed. These standards range from approximately 10% to 74% TOC 
with S2 values between approximately 40 to 175 mg HC/g rock.
3. Operating Conditions
The Rock-Eval II plus TOC instrument is operated under the following conditions 
(all temperatures are nominal):
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51 : 300°C for 3 minutes
52 300°C to 599°C at 25°C/min; hold at 599“C for 1 minute
S3: trapped between 300 to 390°C
S4: 580°C for 12 minutes
Note: The true temperature in Rock-Eval is about 35-40°C higher than the 
nominal temperatures listed above. Likewise, the 25°C/minute heating rate is 
actually 26.4°C/minute. There is also a temperature gradient in the pyrolysis 
oven, which causes variation in Tmax values depending on sample volume 
(height in crucible). Therefore, all calibration values are based on 100 milligram 
sample weights.
4. Report
Tabular reports of all data and selected ratios are provided. Check analysis is 
indicated by a "c" in the check column. Interesting or unusual pyrograms (the 
Rock-Eval hydrocarbon peak profiles) are noted and included with the report. 
Graphical representation of the data is provided when interpretive reports are 
included in the project.
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Vitrinite Reflectance, Thermal Alteration Index, and Visual Kerogen
Sample Preparation
Samples for vitrinite reflectance are taken from the rock material recovered on 
the 20 mesh sieve (for cuttings samples). These chips or other rock chips are 
lightly ground to pass through the 20 mesh sieve for either whole rock mounts or 
kerogen isolation.
Kerogen isolates are obtained by acid digestion using standard procedures for 
this process. Samples are basically decarbonated using hydrochloric acid, 
followed by thorough water rinses. Subsequently, the decarbonated rock is 
treated with hydrofluoric acid to remove silicates, again followed by thorough 
water rinsing. The sample is then rinsed again with hydrochloric acid, followed 
by thorough rinsing with water.
The kerogen isolate is separated using a zinc bromide-water solution. The float 
material is used for the kerogen analysis, both kerogen plug and kerogen slide 
preparations.
A strewn slide mount is made from the water wet kerogen for thermal alteration 
index (TAI) and visual kerogen analysis. An epoxy plug with the kerogen 
embedded is made for isolated kerogen vitrinite reflectance measurements.
For whole rock vitrinite reflectance measurements, chips of the whole rock that 
pass through a 20 mesh sieve are embedded without further sample preparation 
in epoxy plugs.
The surface of the plug is carefully polished to provide accurate vitrinite 
reflectance measurements.
Vitrinite Reflectance Assessment
A Zeiss Universal microscope with a photometer connected to a computer is 
used to measure and record vitrinite reflectance values.
Whole Rock
Chips of the rock samples are read directly from polished plugs. Orientation and 
vitrinite reflectance measurements are noted and recorded. Generally, fewer 
numbers of readings are obtained by this technique, but the orientation of 
particles in the rock matrix aids in the assessment of indigenous vitrinite 
particles.
Kerogen Isolates
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Kerogen is concentrated in the epoxy plug as result of isolation process, thereby 
provided increased likelihood of finding vitrinite particles. The epoxy drying 
procedure concentrates the kerogen near the surface of the plug to provide a 
high concentration of
kerogen particles near the plug surface. Whenever possible, 50+ readings are 
taken on samples.
Thermal Alteration index (TAI)
TAI values are taken in transmitted light using a color assessment scale of 1-5. 
The color of the kerogen is also recorded. These values help determine the level 
of conversion of kerogen and, thereby, in the assessment of the indigenous 
vitrinite population.
Visual Kerogen Assessment
The percentage composition of various maceral particles or types is recorded. 
The relative percentages of amorphous, exinitic, vitrinitic, and inertinitic particles 
are estimated. The quality of the kerogen in terms of oxidation, reworking, or 
other variables is also noted. In addition any marine fossils are noted when 
present.
Results
Vitrinite reflectance values are recorded as both total and indigenous 
populations. All readings are recorded for customer evaluation of the interpreted 
indigenous population. A histogram of the interpreted indigenous population is 
provided with these data. In addition a tabular report of the mean values for 
vitrinite reflectance, TAI, and the maceral percentages is included. If TOC and 
Rock-Eval data are available, they are included in this table. A %Ro versus 
depth plot is provided when appropriate.
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